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INTRODUCTION 


The  program  VITAL  (Vanguard  Trial  of  Investigational  Therapeutics  in  Adjuvant  Treatment  of 
Lung  Cancer)  initiated  in  2003  was  developed  to  gain  a  better  understanding  of  the  molecular 
events  underlying  the  progression  of  NSCLC  in  order  to  develop  a  risk  model  for  cancer 
recurrence  and  development  of  smoking-related  SPT  in  the  high-risk  population,  and  to  identify 
effective  preventive  agents  for  this  group  of  patients.  Specifically,  our  objectives  are: 

•  To  identify  biologically-based  treatments  for  prevention  of  cancer  recurrence  and 
development  of  second  primary  tumors  in  high-risk  patients; 

•  To  understand  molecular  events  in  premalignant  tissues  that  contribute  to  progression  or 
malignancy; 

•  To  develop  a  risk  prediction  model  for  disease  recurrence  and  development  of  second 
primary  tumors  in  high-risk  patients  by  combining  clinical  treatment  outcomes  with  molecular 
and  imaging  data. 

Three  clinical  trials  were  proposed,  in  part,  to  acquire  the  necessary  correlative  samples  to 
develop  this  risk  model,  which  will  significantly  improve  decision-making  for  patients  and 
physicians  in  the  management  of  this  challenging  disease.  Histologic  assessment  was  planned 
to  determine  whether  malignant  changes  would  occur  during  this  time  period.  Despite 
substantial  efforts,  our  patient  accrual  was  significantly  lower  than  expected  due  to  a  number  of 
factors;  thus,  a  ReVITALization  plan  was  proposed  (see  revised  Aims  below)  and  implemented 
after  receiving  DoD  approval.  Implementation  of  the  alternative  ReVITALization  strategy  over 
the  past  three  years  was  based  on  the  revised  project  aims  that  were  developed  to  accomplish 
our  goal  of  the  development  of  the  risk  model.  An  overview  of  the  changes  is  provided  below 
with  additional  details  in  each  relevant  project. 

ReVITALization  Aims: 

1.  Circumvent  low  accruals  using  surgical  specimens  in  our  tissue  bank.  These 
specimens  (about  500  samples)  of  resected  lung  cancer  will  be  utilized  for  biomarker 
assessment  and  will  serve  as  the  foundation  for  a  biomarker-based  risk  assessment 
model. 

2.  Continue  enrolling  patients  in  our  Vanguard  trial  to  accrue  50-60  patients.  This 
cohort  will  provide  sufficient  biospecimens  for  the  aims  proposed  in  the  other  projects  of 
the  VITAL  program.  Additionally,  the  clinical  data  obtained  from  these  patients  will  be 
used  to  test  the  biomarker-based  risk  assessment  model  and  the  follow-up 
bronchoscopy  specimens  will  provide  important  information  for  biomarker  changes  in  the 
bronchial  epithelium. 

3.  Close  the  celecoxib  and  erlotinib  trials  to  focus  resources  on  specimen  analyses 
to  develop  the  biomarker  risk  model. 

4.  Perform  two  additional  discovery  projects  related  to  increased  risk  that  are  only 
now  possible  due  to  continued  progress  in  VITAL. 

a.  Identify  gene  expression  signatures  in  bronchial  brush  specimens  using  high- 
throughput  genomics  approach. 

b.  Identify  genes  expression  signatures  in  epithelial  cells  detected  by  LIFE 
bronchoscopy  that  determine  aggressiveness. 
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The  final  report  summarizes  work  conducted  over  the  entire  research  period,  highlights  key 
research  accomplishments  and  reportable  outcomes  with  the  bibliography  of  all  publications  and 
meeting  abstracts  derived  from  VITAL,  and  includes  a  list  of  personnel  receiving  pay  from  the 
research  effort. 

PROGRESS  REPORT 


Project  1 :  Biologic  Approaches  for  Adjuvant  Treatment  of  Aerodigestive  Tract  Cancer 

(PI  and  co-PIs:  Drs.  Waun  Ki  Hong,  Edward  S.  Kim,  Rodolfo  C.  Morice,  David  J.  Stewart) 

Aim  1  Assess  the  smoking-related  disease-free  survival  in  patients  who  are  current  or 
former  smokers  with  a  prior  definitively-treated  stage  I/ll  lung  or  head  and  neck 
cancer. 

The  main  objective  for  this  project  was  to  open  the  Vanguard  study  at  MDACC  as  well  as  the  2 
other  participating  sites.  Enrollment  was  planned  for  a  total  of  300  patients  with  definitively 
treated  stage  I/ll  lung  or  head  and  neck  cancer  and  at  least  a  20-pack-year  smoking  history. 
Patients  undergo  baseline  testing  including  chest  x-ray,  CT  scan,  labs,  bronchoscopy,  and  other 
specimen  collections  (i.e.,  sputum,  saliva,  serologies).  Bronchoscopies  and  specimen  collection 
are  performed  at  baseline  and  at  months  12,  24,  and  36.  White-light  alone  or  white-light  and 
autofluorescence  modalities  are  used.  Abnormal  areas  detected  by  bronchoscopy  are  biopsied. 
Histologic  assessment  is  performed  to  determine  whether  malignant  changes  will  occur  during 
the  time  period.  If  severe  dysplasia,  carcinoma  in  situ,  or  carcinoma  is  discovered,  patients 
follow  the  plans  outlined  in  the  clinical  protocol.  Once  patients  have  completed  3  years  of 
testing,  they  are  followed  until  the  study  is  completed.  As  per  the  revised  ReVITALization  aims, 
the  study  will  be  closed  when  a  total  of  54  patients  were  accrued;  all  patients  will  be  followed  as 
outlined  above. 

Findings:  A  total  of  54  patients  were  enrolled  to  the  Vanguard  trial,  and  our  number  of  evaluable 
patients  (having  completed  both  the  baseline  and  12-month  bronchoscopy)  is  38.  The  study 
was  closed  to  new  patients  in  March  2009.  The  median  age  is  61  years  (range,  53-81  years), 
and  26  of  the  54  patients  (53%)  were  male.  A  total  of  44  patients  had  NSCLC,  with  36  patients 
having  stage  I  (82%),  7  stage  II  (16%)  and  1  IMA  (2%)  disease.  At  the  time  of  this  report,  a  total 
of  38  pts  (70%)  have  completed  bronchoscopy  at  12  months,  29  pts  (54%)  at  24  months,  and 
18  pts  (33%)  at  36  months.  To  date,  a  total  of  9  pts  (18%)  have  recurred  and  3  pts  (6%)  have 
had  second  primary  tumors  (SPTs)  recorded.  Four  additional  bronchoscopies  at  36  months  are 
scheduled  to  be  completed  by  March  2012.  Our  plan  is  to  continue  to  collect  clinical  data  from 
these  patients  outside  the  scope  of  this  grant.  Further  follow-up  for  these  last  patients  will  be 
supported  through  other  funding  sources  (e.g.,  institutional,  philanthropy). 

Dr.  Ignacio  Wistuba  and  his  lab  (Core  C)  analyzed  the  bronchial  epithelium  and  have  completed 
the  assessment  of  possible  molecular  markers.  Planned  biomarker  analyses  for  Projects  2-5 
have  been  supplemented  using  retrospectively  collected  specimens  through  the  ReVITALization 
effort  to  maximize  data  acquisition  while  minimizing  the  time  required  to  develop  the  proposed 
risk  model  (See  Aim  3  below  and  Core  B  and  C  reports).  The  ReVITALization  effort  collected 
over  500  specimens  and  has  completed  the  database  with  both  pathological  and  clinical  data. 

Aim  2  Evaluate  effects  of  biologic  agents  as  adjuvant  therapy  on  the  modulation  of 
histology  and  specific  biomarkers  in  this  high-risk  population. 
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Our  plan  was  to  open  several  biologic  adjuvant  clinical  trials  with  novel  agents  such  as 
celecoxib,  erlotinib,  lonafarnib,  and  possibly  others;  however,  poor  accrual  due  to  changes  in 
the  standard  of  care  for  lung  cancer  patients  prohibited  successful  completion  of  the  proposed 
trials  and,  thus,  the  trials  were  deferred  as  previously  described.  Our  revised  aim  is  now 
focused  on  the  timely  development  of  the  risk  model  (see  Aim  3  /  Revised  Task  3).  The 
retrospective  specimens  will  be  used  for  the  proposed  analyses  and  correlated  with  the 
available  clinical  data. 

Findings:  As  noted  previously,  the  celecoxib  trial  was  closed,  and  the  proposed  erlotinib  trial 
was  deferred.  We  focued  our  efforts  on  the  productive  analysis  of  acquired  samples  from  the 
clinical  trial  and  from  our  tissue  bank  to  allow  us  to  develop  our  lung  cancer  risk  model 
described  in  Core  B. 

Aim  3  Develop  a  lung  cancer  risk  model  to  help  predict  the  likelihood  of  development  of 
relapse  or  new  smoking  related  primary  tumors 

Patients  with  a  history  of  smoking  and  a  prior  surgically  resected  stage  I/ll  head  and  neck  or 
lung  cancer  are  at  high  risk  for  cancer  recurrence  or  SPTs.  These  patients  are  deemed  “cured” 
but  there  are  no  standard  interventions  that  have  been  proven  to  help  reduce  the  risk  of  cancer 
reccurrence.  Patients  enrolled  in  the  Vanguard  trial  had  aggressive  post-treatment  follow-up 
with  frequent  analysis  including  serologies,  bronchoscopy  with  bronchial  specimens  and  CT 
scanning.  Utilizing  this  unique  collection  of  biospecimens,  multiple  biomarkers  were  analyzed 
and  used  for  the  development  of  a  predictive  risk  model.  Establishing  a  predictive  risk  model 
will  potentially  help  identify  patients  who  may  be  at  higher  risk  for  subsequent  lung  cancer 
development  and  promote  opportunities  for  earlier  preventive  interventions  and/or  more 
aggressive  follow-up  strategies. 

Findings:  VITAL  project  investigators,  in  close  collaboration  with  Cores  B  and  C,  identified  542 
potential  patients  in  our  Thoracic  Tissue  Database.  Specimens  from  370  patients  with  early 
stage  (I  63%,  II  20%,  or  MIA  17%)  NSCLC  resected  at  MDACC  between  2002  and  2005  were 
selected  for  this  analysis  based  on  clinical  characteristics  and  tissue  adequacy.  Project 
investigators  proposed  a  total  of  21  biomarkers  for  potential  inclusion  in  the  risk  model 
development  based  on  promising  preclinical  data  including  IGF1R,  IGFBP3,  Insulin  Receptor, 
pAKT,  pIGFIR,  pSRC,  pmTOR,  pAMPK,  pEGFR,  pS6,  FEN1,  MCM2,  MCM6,  SFN,  TPX2, 
UBE2C,CASK,  CD51,  CXCR2,  EpCAM,  and  SPP1  (see  Appendix  for  report).  The  resected 
tissue  specimens  were  collected  and  processed  per  the  standard  operating  procedures  of  our 
research  laboratory.  We  have  thus  established  a  unique  cohort  of  early  stage  non-small  cell 
lung  cancer  patients  from  our  institution  that  includes  carefully  annotated,  prospectively 
collected  medical-demographic,  treatment,  and  follow-up  information  as  well  as  tissue 
specimens  available  to  begin  development  of  a  biologic  risk  model.  This  patient  population 
includes  186  (50.3%)  male,  330  (89%)  white,  162  (44%)  current  smokers,  170  (46%)  former 
smokers,  and  38  (10%)  never  smokers,  227  (61%)  adenocarcinomas  and  126  (34%)  squamous 
cell  carcinomas.  One  hundred  and  sixty  patients  (45%)  received  chemotherapy  (adjuvant  or 
neoadjuvant)  or  radiation  treatment  in  addition  to  surgery.  In  collaboration  with  our  laboratory 
investigators,  we  have  identified  and  analyzed  the  21  pre-specified  markers  relevant  to  early 
pathogenesis  of  lung  cancer,  including  pathways  related  to  apoptosis,  metabolism,  and  growth 
factors.  Potential  covariates  in  risk  models  included  both  pertinent  biomarkers  and  patient 
clinical  characteristics.  The  median  follow-up  in  this  cohort  was  5.3  years  (among  patients  that 
are  still  alive  as  of  the  last  follow-up).  The  median  overall  survival  (OS)  was  6.4  years.  A  total 
of  209  cases  with  recurrence  and/or  death  were  observed.  The  median  recurrence-free  survival 
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(RFS)  was  4.1  years  and  1-,  3-,  and  5-year  recurrence  rates  were  80%,  59%,  and  45%, 
respectively.  These  values  are  similar  to  other  historical  reports  of  early  stage  lung  cancer 
patients.  When  adjusted  for  clinical  factors  (age  and  stage),  important  risk  predictors  (hazard 
ratio,  p-value)  for  RFS  include  positive  cytoplasmic  pAMPK  (0.65,  p=0.004),  positive  membrane 
insulin  receptor  (1.44,  p=0.01),  positive  cytoplasmic  EpCAM  (0.71,  p=0.02),  high  (defined  as  > 
or  =  median)  cytoplasmic  CXCR2  (1.36,  p=0.04),  membrane  CASK  (0.996,  p=0.049), 
cytoplasmic  IGF1R  (1.004,  p=0.04),  and  positive  cytoplasmic  pmTOR  (0.70,  p=0.03).  It  is 
important  to  note  that  this  is  a  preliminary  risk  model  and  further  mechanistic  studies  and  larger 
sample  sizes  will  be  needed  to  validate  these  findings  and  to  develop  a  more  informed  risk 
model.  We  note  that  the  relative  risk  of  each  individual  marker  may  also  be  informative.  For 
example,  in  this  model,  when  including  age  and  stage,  a  patient  with  a  positive  cytoplasmic 
pAMPK  will  have  a  reduced  risk  of  recurrence  or  death  by  35%  when  compared  to  a  patient  with 
negative  cytoplasmic  pAMPK,  while  other  covariates  remain  the  same.  On  the  other  hand,  a 
patient  with  positive  membrane  insulin  receptor  will  have  an  increased  risk  of  recurrence  or 
death  of  44%  compared  to  a  patient  with  negative  membrane  insulin  receptor  (again  while  other 
covariates  remain  the  same).  We  utilized  the  C-index  to  measure  the  predictive  accuracy  of  this 
model;  the  C-index  for  RFS  is  0.68  with  a  95%  confidence  interval  of  (0.60,  0.75),  which 
indicates  that  our  preliminary  model  has  moderate  predictive  accuracy. 

In  terms  of  overall  survival  (OS),  the  significant  risk  predictors  were  positive  cytoplasmic  pAMPK 
(0.67,  p=0.02),  positive  cytoplasmic  pmTOR  (0.66,  p=0.03),  positive  cytoplasmic  EpCAM  (0.65, 
p=0.01),  high  cytoplasmic  CXCR2  (1.47,  p=0.007)  and  high  nuclear  FEN1  (1.42,  p=0.04).  The 
C-index  for  OS  is  0.68  with  a  95%  confidence  interval  of  (0.59,  0.76).  In  addition,  we  also 
applied  the  resampling  (bootstrap)  method  to  provide  an  internal  validation  of  the  predictive 
accuracies  of  these  models.  The  resampling  C-indices  were  0.66  for  both  RFS  and  OS, 
adjusted  for  overfitting.  Again,  the  bootstrap  C-indices  shows  that  the  models  have  moderate 
prediction  accuracy. 

To  provide  an  independent  validation,  we  tested  the  effect  of  the  risk  model  covariates  in  normal 
bronchoscopy  specimens  obtained  from  our  prospective  Vanguard  study  that  included  45 
evaluable  patients  with  available  biomarker  data  and  recurrence/survival  endpoints  (noting  that 
tumor  tissue  specimens  were  evaluated  in  the  ReVITALization  cohort).  pAMPK,  CXCR2, 
EpCAM,  and  pmTOR  were  analyzed  in  the  Vanguard  patients’  serial  bronchoscopic  biopsy 
tissues.  While  not  statistically  significant,  both  our  Kaplan-Meier  and  Cox  model  analyses  show 
a  trend  for  patients  with  higher  pAMPK  having  a  longer  RFS.  This  observed  trend  is  consistent 
with  the  results  of  our  retrospective  database  patient  cohort  as  presented  earlier.  Forthcoming 
clinical  trials  under  development  in  high-risk  patients  with  aerodigestive  cancer  will  incorporate 
some  of  these  promising  biomarkers. 

These  results  represent  the  use  of  a  unique  cohort  of  patients,  as  well  as  prospectively  collected 
and  archived  clinical  tissue,  and  the  related  clinically  annotated  data  to  create  a  risk  model  for 
lung  cancer  development.  The  unique  biospecimens  collected  from  these  populations  of 
patients  (Vanguard  trial  and  ReVITALization  retrospective  cohorts)  have  allowed  us  for  the  first 
time  to  interrogate  the  underlying  mechanisms  of  cancer  development  in  the  airways  of  patients 
at  high  risk  for  developing  lung  cancer.  Given  on  the  limited  progress  in  the  field  of  lung  cancer 
prevention  to  date,  we  believe  that  similar  small  studies  focused  on  biospecimen  enrichment 
(i.e.,  prospective  collection  of  tissue,  blood,  sputum,  etc.)  may  help  uncover  findings  that  may 
advance  the  field  more  rapidly.  Further  studies  are  needed  to  test  this  approach  and  these  and 
other  novel  biomarkers  in  expanded  prospective  cohorts  to  leverage  our  initial  findings.  Through 
these  biomarker-enriched  clinical  studies  in  at-risk  patients,  we  hope  to  achieve  our  goal  of 
establishing  a  validated  predictive  risk  model  for  lung  cancer. 
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Project  2:  Identification  of  Biomarkers  of  Response  to  Chemoprevention  Agents  in 
Lung  Epithelium 

(PI  and  co-PIs:  Ignacio  Wistuba,  M.D.,  Reuben  Lotan,  Ph.D.,  John  Minna,  M.D.) 

We  hypothesized  that  immortalized,  transformed,  and  tumorigenic  human  bronchial  epithelial 
cell  (HBEC)  line  models  will  have  similar  abnormalities  in  gene  expression  profiles  as 
premalignant  and  malignant  tissues  in  vivo.  Therefore,  such  cell  models  will  be  useful  to  identify 
markers  of  early  disease. 

We  proposed  to  use  genomic  and  proteomic  analyses  to  identify  changes  in  gene  expression 
(including  mRNA  and  miRNAs)  and  proteins  that  correlate/associate  with  cancer  risk  in  the 
carcinogen  damaged  aerodigestive  tract  field,  and  also  use  these  signatures  to  monitor  the 
response  of  this  field  to  chemoprevention.  We  developed  a  model  HBEC  system  to  study  the 
effect  of  specific  oncogenic  changes  and  also  the  response  of  these  manipulated  HBECs  to 
various  carcinogenic  and  chemoprevention  agents.  Thus,  we  will  determine  modifications  of 
these  changes  by  chemopreventive  agents  in  premalignant  cells  in  vitro  and  to  use  probes  for 
the  modified  genes  and  proteins  to  analyze  tissue  specimens  from  individuals  participating  in 
the  chemoprevention  clinical  trials. 

Aim  1  Develop  immortalized  human  bronchial  epithelial  cell  cultures  using  a  subset  of 
patient  tissue  specimens  collected  in  Project  1  and  characterize  the  expression 
profiles  of  these  cells  using  oligonucleotide  based  microarrays. 

The  main  goal  of  this  aim  of  this  project  was  to  establish  these  cultures  from  lung  cancer 
patients  and  persons  without  lung  cancer,  including  those  patients  entered  onto  the  clinical  trial 
described  in  Project  1 ,  and  to  characterize  their  gene  expression  profiles. 

Findings:  We  generated  HBECS  from  over  50  different  individuals  and  we  immortalized  15 
peripheral  small  airway  epithelial  cells  (HSAECs).  We  compared  the  HBECs  and  HSAECs  with 
each  other  and  with  NSCLCs  by  genome-wide  array  mRNA  expression  profiling.  We  found  the 
HBECs  and  HSAECs  expression  mRNA  signatures  to  be  distinct  (but  closely  related  to)  from 
each  other  and  separate  from  those  for  NSCLCs.  New  methods  and  media  for  airway  epithelial 
cell  differentiation  were  developed  to  study  their  stem  cell-like  properties,  and  we  discovered 
that  the  HBECs  and  HSAECs  are  immortalized  cells  that  express  many  properties  of  pulmonary 
stem  cells  and  have  the  capacity  to  differentiate  along  several  lineages. 

Aim  2  Characterize  effects  of  the  chemo  preventive  agents  used  in  Project  1  on  cell 
proliferation  and  apoptosis  in  the  immortalized  human  bronchial  epithelial  cell 
cultures  developed  in  Specific  Aim  1. 

We  aimed  to  determine  the  potential  role  of  different  chemopreventive  agents  [e.g.,  celecoxib, 
N-[4-hydroxyphenyl]retinamide  (4-HPR),  Iressa  (gefitinib),  and  SCH63663]  alone  or  in 
combination  with  one  another  for  their  effects  on  cell  proliferation  and  apoptosis  in  cell  cultures 
established  in  Aim  1 .  We  also  aimed  to  determine  the  relative  sensitivity  among  the  various  cell 
cultures  to  each  of  the  agents  by  determining  the  50%  growth  inhibitory  concentration  (IC50). 

Findings:  We  analyzed  the  effects  of  several  agents  (gefinitib,  4HPR,  celecoxib  and  SCH66336) 
on  the  growth  of  premalignant  HBECs,  most  of  which  were  developed  in  Aim  1.  The  responses 
of  the  different  cell  lines  varied  by  as  much  as  several  fold  with  respect  to  the  IC50  concentration. 
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Further  studies  were  performed  using  the  EGFR  inhibitor  erlotinib  demonstrated  that  this  agent 
was  as  effective  in  inhibiting  the  tumorigenic  1170-1  cells  as  it  was  in  inhibiting  the  less 
progressed  cell  lines  of  the  BEAS-2B  family,  including  the  immortalized  1799  and  the 
transformed  1198.  The  results  of  inhibition  of  the  HBEC  series  indicate  that  whereas  erlotinib 
inhibited  all  cell  lines,  the  degree  of  inhibition  was  lowest  for  the  KT53  cell  line  (no  more  than 
45%  inhibition  at  any  dose  compared  to  60-80%  for  some  others). 

Aim  3  Identify  gene  expression  and  protein  “signatures”  which  reflect  lung 
tumorigenesis  and  sensitivity  or  resistance  to  chemo  preventive  regimens 
proposed  in  Project  1,  and  to  validate  the  signatures  and  to  determine  their 
biological  importance  in  precancer  cell  models  of  lung  cancer. 

Findings:  We  studied  DNA  copy  number  changes  in  lung  cancers  and  preneoplastic  tissues, 
identified  the  key  genes  within  these  amplicons,  and  performed  functional  studies  to  identify 
which  are  the  most  important  in  the  pathogenesis  of  lung  cancer.  Comparing  104  cancer  lines 
representing  diverse  tissue  origins  to  identify  genes  residing  in  amplification  'hotspots,'  we 
discovered  an  unexpected  frequency  of  genes  activated  by  this  amplification.  The  amplification 
regions  were  correlated  with  microarray  data  and  the  overexpressed  genes  in  each  of  the 
regions  were  identified.  The  135  hotspots  identified  contain  538  unique  genes  and  are  enriched 
for  proliferation,  apoptosis  and  linage-dependency  genes,  reflecting  functions  advantageous  to 
tumor  growth.  Our  findings  suggest  that  amplification  is  far  more  common  a  mechanism  of 
oncogene  activation  than  previously  believed,  and  that  specific  regions  of  the  genome  are 
hotspots  of  amplification. 

Aim  4  Develop  techniques  to  assess  these  molecular  signatures  in  tissue  specimens 
and  serum  obtained  in  Project  1,  and  assess  the  relevance  of  these  molecular  signatures 
as  in  vivo  biomarkers  using  baseline  and  post-treatment  specimens. 

Findings:  We  identified  the  overexpression  of  BRF2  (chromosome  region  8p),  a  RNA 
polymerase  III  (Pol  III)  transcription  initiation  factor,  as  the  result  of  increased  gene  dosage  in 
the  squamous  cell  lineage  leading  to  lung  squamous  cell  carcinoma  (SqCC).  We  found  that 
BRF2  was  amplified  and  overexpressed  in  preneoplastic  carcinoma  in  situ  (CIS)  lesions  in  the 
airway  epithelium  of  lung  cancer  patients.  Our  data  suggests  that  genetic  alteration  of  BRF2 
represents  a  novel  mechanism  of  lung  tumorigenesis  through  the  increase  of  Pol  Ill-mediated 
transcription  in  cancer. 

Aim  5.  Identify  gene  expression  signatures  that  characterize  progression  from 
immortalized  to  transformed  to  tumorigenic  human  bronchial  epithelial  cells  based  on 
already  available  high-throughput  gene  expression  microarray  data  and  validate  these 
signatures  using  tissue  microarrays  (TMAs)  containing  normal  bronchial  epithelium, 
hyperplasia,  squamous  metaplasia,  dysplasias,  squamous  cell  carcinomas,  atypical 
adenomatous  hyperplasia,  and  adenocarcinomas  (Years  4-5). 

Findings:  We  produced  data  depicting  the  derivation  of  a  five-gene  signature  (FILM,  five-gene  in 
vitro  lung  carcinogenesis  model)  that  was  effective  in  predicting  the  survival  of  lung 
adenocarcinoma  patients  upon  analysis  of  publicly  available  NSCLC  microarray  datasets.  The 
signature  is  comprised  of  genes  (UBE2C,  MCM2,  MCM6,  TPX2,  and  FEN1)  that  we  had 
previously  shown  to  be  differentially  expressed  and  functionally  modulated  between  the 
components  of  an  in  vitro  lung  carcinogenesis  model  encompassing  normal,  immortalized, 
transformed,  and  tumorigenic  lung  epithelial  cells.  We  assessed  the  immunohistochemical  (IHC) 
expression  of  the  protein  products  in  NSCLC  TMAs  of  formalin-fixed  and  paraffin-embedded 
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(FFPE)  tissues  and  found  that  the  prognostic  efficacy  of  the  protein  signature  was  superior  in 
comparison  to  that  of  each  IHC  protein  marker  alone.  Further  independent  studies  are 
warranted  to  externally  validate  the  potential  clinical  use  of  this  five-gene/protein  signature. 

Aim  6.  Identify  gene  expression  signatures  in  bronchial  brush  specimens  from  the  50-60 
patients  enrolled  in  the  Vanguard  study  using  high-throughput  genomics  approach 
(Years  4-5). 


Findings:  In  our  previous  report,  we  selected  19  patients  from  the  prospective  Vanguard  study 
with  definitively  treated  ES  (I/ll)  NSCLC  and  were  current  or  former  smokers  for  our  initial 
analysis  to  study  the  potential  associations  between  field  of  cancerization  expression  profiles 
and  lung  cancer  relapse.  Patients  had  bronchoscopies  with  brushings  obtained  from  the  main 
carina  (MC),  airways  adjacent  (ADJ)  to  the  previously  resected  tumor  and  from  airways  distant 
from  the  tumor  in  the  ipsilateral  (NON-ADJ)  and  contralateral  (CONTRA)  lung  at  baseline,  12, 
24  and  36  months  following  resective  surgery  (Figure  1). 


Analysis  of  SITE-depende 
gene  expression  patterns  (A 
NON-ADJ,  MC,  CONTRA 

A  Global  gene  expression 
T  analysis 

Analysis  of  TIME-depende 
gene  expression  patterns 
(baseline.  12,  24  and  36 
months. 


Figure  1. 

collection 


These  nineteen  patients  were  selected  for  the 
study  based  on  airway  sampling  of  at  least  five 
different  regions  per  time  point  and 
continuously  up  to  24  or  36  months  (391 
airway  samples  from  nineteen  patients).  Total 
RNA  was  isolated  from  brushings  using  the 
RNeasy  Mini  kit  (Qiagen).  Due  to  the  paucity  of 
the  material,  we  employed  the  Nugen  WT- 
Ovation  system  for  RNA  amplification  (Nugen 
technologies,  San  Carlos,  California). 

Synthesis  of  single-stranded  DNA, 
fragmentation  and  biotin  labeling  was 
performed  using  the  WT-Ovation  Pico  RNA 
amplification  system,  WT-Ovation  Exon- 
Module  and  Encore™  Biotin  Module  (NuGEN  technologies),  respectively,  according  to  the 
manufacturer’s  instructions.  2-2.5  micrograms  of  biotin-labeled  DNA  was  then  hybridized  to 
Affymetrix  Human  Gene  1 .0  ST  arrays  from  Affymetrix.  Analysis  began  by  construction  of  a 
mixed-effects  model  that  incorporated  information  on  the  site  and  time  (continuous)  the 
bronchial  brushing  was  obtained  as  fixed  effects.  Characteristics  of  fixed  effects  and  their 
interaction,  in  terms  of  number  of  genes  differentially  affected  by  the  effect,  were  examined  by 

fitting  beta- 


Schematic  illustrating  sampling  and 
of  bronchial  brushes  from  different 
airway  sites  at  different  time  points  following 
respective  surgery  from  early  stage  smoker 
NSCLC  patients  enrolled  in  the  phase  II  cancer 
surveillance  Vanguard  study. 


Time 
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uniform-models 
(BUMs)  based  on 
p-value 
distributions  of  all 
genes  according 
to  the  fixed-effect 
(Figure  2). 

Histograms  of  p- 
value  distribution 
of  fixed  effects 
(Figures  2A,  2B 
and  2C)  and  a 
smoothened 

scatter  plot  of  transformed  p-values  of  both  site  and  time  fixed  effects  (Figure  2D)  demonstrate 


Figure  2.  Histograms  demonstrating  p-value  distributions  for  site  (A),  time  (B)  and 
interaction  between  both  after  fitting  beta-uniform-mixture  (BUM)  models  (3).  D. 
Smoothed  scatter  plot  of  transformed  p-values  from  site  and  time. 
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that  there  is  little  evidence  for  any  interaction  between  site  and  time.  These  findings  suggest 
that,  although  the  airway  brushings  were  collected  at  different  sites  and  at  time  points  following 
respective  surgery  from  each  patient,  all  airway  samples  (n=391)  can  be  utilized  independently 
to  study  genes  differentially  expressed  in  two  ways  -  by  site  from  original  resected  tumor  and  by 

time  following  removal  of  the 
same  tumor  in  all  patients. 
Subsequently,  time  and  site- 
dependent  differential 

expression  profiles 

representing  a  field  of 
cancerization  were  identified 
based  on  a  false  discovery 
rate  (FDR)  cut-off  of  5%  and 
1%  based  on  p-value 
distributions,  respectively, 
studied  by  hierarchical 
clustering  and  functionally 
analyzed  using  network 
analysis.  A  total  of  1395 
genes  were  determined  to  be 
differentially  expressed  over 
time  in  the  cancerization 
fields.  Hierarchical  clustering 
analysis  using  these  genes  demonstrated  that  samples  (n=391)  were  divided  into  two  clusters 
or  branches  that  were  significantly  unbalanced,  with  respect  to  time,  with  the  majority  of  the 
baseline  and  36  months  samples  well  separated  (p<0.001  of  the  Fisher’s  Exact  test)  (Figure  3A). 
Moreover,  functional  analysis  of  these  genes  showed  that  a  nuclear  factor-xB  (NF-KB)-mediated 
gene-network  was  most  significantly  elevated  (p<0.001 )  with  time  (Figure  3B). 

A  total  of  1165  gene  features  were  differentially  expressed  by  site.  Two-dimensional  clustering 

of  these  genes  and  j - 

samples  showed  a  | - 1  B  i - 1 

distinct  classes  of  lAdjacent 
differential  expression 
and  revealed  two  main 
sample  clusters  with 
significant  separation 
of  ADJ  samples  from 
MCs  and  non-adjacent 
CONTRA  airway 
samples  (p=0.003) 

(Figure  4A).  Similar 
results  were  obtained 
when  main  carinas 
were  excluded  from 
analysis  of  genes 
differentially 
expressed  by  site  in 
relation  to  the  original 
resected  tumor 

(Figure  4B).  Using  both  site-dependent  analyses,  genes  were  identified  that  exhibited  highest 
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Figure  4.  Hierarchical  clustering  of  all  samples  (A)  or  excluding  main 
carinas  (B)  using  genes  differentially  expressed  by  site.  Recurrences  (black) 
and  suspicions  (grey)  are  labeled  based  on  adjacent  airways.  Genes  with 
highest  expression  in  adjacent  airways  are  indicated  by  the  red  bars. 


Figure3.  Gene  expression  profiles  are  different  in  a  time-dependent 
manner  in  the  field  of  cancerization.  Hierarchical  clustering  (A)  and 
functional  gene-interaction  network  analysis  (B)  of  genes  (n=1395) 
differentially  expressed  continuously  with  time. 
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average  expression  in  airways  adjacent  to  tumors  (cluster  of  genes  highlighted  by  red  bars) 

(Figures  4A  and 
4B).  It  is  worthwhile 
to  mention  that, 
following  two- 
dimensional 
clustering  of  the 
site-dependent 
differentially 
expressed  genes 
and  airway 

samples,  adjacent 
airways  isolated 
from  patients  with 
recurrence  or 
suspicion  of 

recurrence,  (black, 
recurrence;  grey, 
suspicion  of 

recurrence), 
exhibited  on 

average  elevated 
expression  of  the 
highest-in-adjacent 
airway  gene  cluster 

compared  to  adjacent  airways  isolated  from  patients  with  no  events  in  recurrence  (Figures  4A 
and  4B).  These  findings  suggest  that  differential  gene  expression  patterns  in  fields  of 
cancerization,  by  site  of  the  original  tumors,  in  early  stage  patients  may  be  associated  with 
recurrence  or  second  primary  tumor  development. 

To  further  understand  the  relevance  of  this  gene  cluster  with  highest  expression  in  adjacent 
airways  and  in  those  isolated  from  patients  with  recurrence,  we  performed  functional  pathways 

analysis  of  the  genes  using 
the  knowledge-dependent 
analysis,  Ingenuity  Pathways 
analysis  (IPA).  Functional 
analysis  of  the  highest 
expression  of  genes-in- 
adjacent  airways  revealed  that 
gene-networks  mediated  by 
PI3K,  NF-kB,  and  ERK1/2 
were  more  significantly 
elevated  (p<0.001)  in  function 
in  ADJ  airway  samples,  with  a 
gene-interaction  network 
mediated  by  PI3K  being  most 
significantly  elevated  in 
function,  as  predicted  by  the 
IPA  software,  based  on 
number  of  genes  differentially  expressed  within  the  network  and  topological  interactions  among 
the  same  genes  (Figure  5).  These  findings  suggest  that  the  aforementioned  canonical  cell 
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Figure  6.  Field  of  cancerization  molecular  profiles  are  associated 
with  patterns  of  recurrence.  Genes  with  significant  expression 
differences  between  adjacent  and  non-adjacent  airways 
(ADJ/NON-ADJ)  were  used  to  analyze  the  19  pts  by  clustering  (A) 
and  principal  component  analysis  (B).  Black,  recurrence;  grey 
suspicion  of  recurrence. 
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Figure  5.  Network  analysis  of  cluster  of  genes  depicted  in  Figure  4  with 
highest  average  expression  in  airways  adjacent  to  original  resected  tumors. 
PI3K-mediated  network  is  shown  as  most  significantly  up-regulated  in  adjacent 
airways,  red,  up-regulated  in  adjacent  airways  relative  to  non-adjacent  or 
contralateral  airways. 
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signaling  pathways,  in  particular  the  PI3K  survival  pathway,  may  be  highly  relevant  to 
biologically  to  the  molecular  pathogenesis  of  NSCLC,  and  clinically  to  prediction  of  recurrence 
or  second  primary  tumor  development  in  early  stage  patients  definitively  cured  by  respective 
surgery. 

We  further  identified  genes  differentially  expressed  by  site  using  different  statistical  methods, 
including  paired  t-test  analysis  of  the  19  NSCLC  patients  based  on  differences  in  expression 
between  adjacent  and  non-adjacent/contralateral  airways.  An  average  adjacent  (ADJ) 
expression  score  and  average  non-adjacent/contralateral  (NON-ADJ)  score  was  measured  for 
each  gene  based  on  all  available  airway  samples  per  patient.  Hierarchical  clustering  (Figure  6A) 
and  principal  component  (Figure  6B)  analysis  of  patients  (n=19)  based  on  differences  of 
expression  (ADJ/NON-ADJ)  of  genes  significantly  differentially  expressed  by  paired  t-tests 
between  ADJ  and  NON-ADJ  samples  revealed  two  main  clusters  with  three  of  four  relapses 
located  in  one  sub-cluster  suggesting  potential  associations  between  field  of  cancerization 
expression  profiles  and  lung  cancer  relapse.  These  initial  studies  will  be  expanded  in  additional 
analysis  of  other  avaioable  specimens  outside  the  scope  of  this  application,  and  demonstrate 
the  potential  for  the  utility  of  this  approach  in  identifying  predictors  of  risk  of  recurrence  or  SPT 
in  definitively  treated  early  stage  lung  cancer  patients. 


Project  3:  Premalignant  Bronchial  Epithelia:  Molecular  and  Cellular  Characterization 

of  Lung  Tumorigenesis 

(PI  and  co-PIs:  Walter  Hittelman,  Ph.D.,  Ja  Seok  Koo,  Ph.D.,  Rodolfo  C.  Morice,  M.D.) 

Aim  1  Identify  and  characterize  differentially  expressed  genes  in  the  LIFE 
bronchoscopy-identified  abnormal  areas  of  the  bronchial  epithelia  of  enrolled 
subjects  in  VITAL  trials. 

Previous  studies  have  shown  that  bronchial  regions  that  appear  abnormal  by  light-induced 
fluorescence  endoscopy  (LIFE)  bronchoscopy  show  increased  genetic  changes  when  compared 
to  normal-appearing  sites,  even  if  there  are  no  differences  in  histological  appearance.  Since 
LIFE-positive  lesions  are  at  increased  risk  for  cancer  development,  especially  when  they  contain 
particular  genetic  alterations,  we  hypothesized  that  these  LIFE-positive  sites  represent  lesions 
at  an  early  stage  of  tumorigenesis  and  may  differentially  express  genes  important  for  driving 
tumorigenesis.  Thus,  comparative  gene  expression  analyses  between  LIFE-positive  and  LIFE- 
negative  sites  within  the  same  individual  may  provide  a  filter  for  identifying  genes  whose  levels 
of  expression  are  important  for  driving  tumorigenesis. 

Findings:  We  used  paired  bronchial  brush  samples  from  the  normal  and  abnormal  areas  of  each 
individual  to  perform  microarray  analysis.  We  examined  the  commonly  regulated  genes  using 
the  expression  level  of  all  the  sample  sets,  and  we  analyzed  the  potential  key  signal  pathways 
that  are  involved  with  a  Kegg  pathway  analysis  program.  The  pathway  analysis  revealed  that 
the  cytokine-cytokine  receptor  pathway  is  the  top  signal  pathway  involved,  followed  by  other 
tumorigenesis  pathways,  such  as  cell  migration  and  adhesion.  Whole  genome  expression 
microarray  analysis  provided  tremendous  information  about  the  molecular  differences  between 
abnormal  and  normal  tissues.  By  distinguishing  the  subsets  of  the  sample  population,  we 
identified  the  consistently  regulated  genes  and  the  signaling  pathway  that  are  critical  for 
tumorigenesis. 
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Aim  2  Establish  an  organotypic  model  system  that  mimics  in  vivo  interactions  between 
normal,  premalignant,  and  malignant  bronchial  epithelial  cells  in  the  lung  using 
cells  derived  from  bronchial  biopsies  and  immortalized  bronchial  cells. 

To  better  understand  the  molecular  basis  of  preferential  outgrowth  of  more  advanced  bronchial 
epithelial  clones,  we  proposed  to  utilize  a  cell  culture  model  whereby  normal  and  abnormal 
bronchial  epithelial  cells  are  grown  on  collagen  or  stromal  cell-coated,  suspended  filters  and 
exposed  to  an  air-liquid  interface.  This  organotypic  culture  environment  mimics  lung  stratified 
epithelium,  complete  with  basal  cells,  ciliated  columnar  cells,  and  mucus-producing  goblet  cells. 
Our  group  has  extended  this  model  system  by  tagging  cell  populations  with  fluorescent  probes 
(e.g.,  green  fluorescence  protein,  or  GFP)  that  allows  us  to  carry  out  live  cell  imaging  of  mixed 
clonal  populations.  This  model  system  permits  characterization  of  the  ability  of  more  advanced 
bronchial  epithelial  cell  populations  to  expand  on  the  growth  surface  at  the  expense  of  less 
advanced  bronchial  epithelial  cell  populations. 

Findings:  We  developed  a  color-coding  methodology  to  distinguish  subpopulations  of  cells 
within  heterogeneous  lung  tumors  and  immortalized  human  bronchial  epithelial  cell  populations. 
We  also  utilized  the  “Brainbow”  vector  to  permit  the  visualization  of  clonogenic  cell  expansion  in 
lung  tumor  xenografts  and  to  determine  differential  radiation  sensitivity  and  metastatic  capability 
of  clonal  subpopulations  within  heterogeneous  lung  tumors.  This  new  approach  will  allow  us  to 
identify  and  selectively  isolate  more  aggressive  subpopulations  that  exist  within  heterogeneous 
cell  populations  and  characterize  the  specific  genetic  and  expression  changes  associated  with 
their  more  aggressive  behavior. 

Aim  3  Determine  the  mechanisms  of  genetic  instability  and  elucidate  the  signaling 
pathways  associated  with  clonal  outgrowth  of  premalignant  and  malignant 
bronchial  epithelial  cells  using  the  organotypic  model  system. 

Our  working  hypothesis  was  that  years  of  tobacco  exposure  induces  a  chronic  damage  and 
wound-healing  cycle  that  results  both  in  the  accumulation  of  genetic  alterations  in  the  epithelial 
cells  that  influences  both  chromosome  stability  mechanisms  (e.g.,  loss  of  cell  cycle  checkpoint 
and  cell  loss  mechanisms  through  loss  of  pi  6  expression,  p53  mutations,  Cyclin  D1 
overexpression,  etc)  and  creates  a  poor  growth  environment  (e.g.,  altered  stromal  signals).  The 
goal  of  this  specific  aim  was  to  utilize  the  lung  organotypic  model  to  address  this  hypothesis  in 
vitro  utilizing  bronchial  epithelial  cells  derived  from  LIFE  bronchoscopically  identified  “abnormal” 
and  “normal”  regions  of  the  lung  of  current  and  former  smokers  participating  in  the  clinical  trial  of 
Project  1 . 

Findings:  We  noted  that  the  levels  of  genetic  instability  increased  when  cells  proliferate  away 
from  the  basal  layer,  suggesting  dysregulation  of  cell  cycle  control  when  cells  try  to  proliferate  in 
inappropriate  spatial  regions.  We  also  showed  that  mitotic  instability  was  associated  with 
increased  expression  of  stress-response  proteins,  including  phosphorylated  histone  H2AX.  We 
quantitatively  analyzed  images  of  the  three-dimensional  cultures  to  determine  the  relationship 
between  changes  in  mitotic  orientation  relative  to  the  basal  layer  plane  and  the  frequencies  of 
mitotic  errors,  and  we  found  that  as  the  cultures  fashioned  toward  the  tumor  phenotype,  they 
more  frequently  exhibited  mitoses  away  from  the  basal  layer  and  the  orientation  angle  of  the 
mitotic  spindle  (and  degree  of  mitotic  error)  increased  with  distance  from  the  basal  layer.  This 
result  supports  the  hypothesis  that  mitotic  directionality  and  fidelity  depend  on  cell-cell  and  cell- 
substrate  interactions.  This  organotypic  culture  model  might  be  useful  in  the  detection  of 
potential  chemopreventive  agents  that  can  reregulate  the  spatial  patterns  of  mitotic  events  in  the 
bronchial  epithelium. 
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Aim  4  Characterize  the  impact  of  chemopreventive  and/or  chemotherapeutic  agents  on 
early  lung  tumorigenesis  events  in  reconstructed  bronchial  epithelium  and  in  the 
bronchial  biopsies  of  subjects  entered  onto  the  clinical  trials  in  Project  1. 

The  goals  of  the  first  three  specific  aims  of  this  project  are  essentially  to  develop  and  utilize  the 
lung  organotypic  culture  model  to  identify  the  factors  that  control  ongoing  clonal  expansion  and 
genetic  instability  in  the  lungs  of  current  and  former  smokers.  The  idea  behind  this  fourth 
specific  aim  is  to  integrate  the  information  garnered  from  the  first  three  specific  aims  to  identify 
targeted  strategies  to  slow  preferential  outgrowth  of  more  advanced  bronchial  epithelial  cells 
and  to  decrease  the  levels  of  ongoing  genetic  instability.  We  also  proposed  to  determine 
whether  treatment  of  these  organotypic  cultures  with  the  chemopreventive  agents  used  in  the 
clinical  trial  of  Project  1  would  slow  these  aberrant  properties  in  vitro  and  whether  results 
obtained  in  the  organotypic  culture  model  reflected  that  seen  in  the  lungs  of  the  participants  in 
the  clinical  trial. 

Findings:  We  generated  lentiviral  vectors  for  inducing  living  color  probes  in  primary  bronchial 
epithelial  cells  to  examine  clonal  outgrowths.  We  also  generated  lentiviral  vectors  for  color- 
marked  histone  H2B  that  will  permit  us  to  directly  monitor  mitotic  fidelity  in  real  time  in 
organotypic  cultures  of  bronchial  epithelial  cells,  and  have  developed  lentiviral  vectors 
containing  either  color-marked  Cyclin  Dla  or  Cyclin  Dlb  that  allowed  us  to  determine  the 
relative  impact  of  Cyclin  D1  isoform  overexpression  on  genetic  instability.  Parallel  studies  in 
immortalized  oral  epithelial  cells  have  demonstrated  that  Cyclin  D1  overexpression  induces 
various  types  of  mitotic  instability  including  increased  frequencies  of  chromosome  bridges  and 
lagging  chromosome  fragments  and  generation  of  binucleate  cells  associated  with  incomplete 
cell  separation  at  the  end  of  mitosis. 

Aim  5.  Identify  gene  expression  signatures  in  epithelial  cells  detected  by  LIFE 
bronchoscopy  that  determine  aggressiveness. 

This  new  aim  under  the  ReVITALization  plan  was  performed  in  conjunction  with  Dr.  Wistuba, 
Core  C  Director.  Our  preliminary  results  from  our  research  in  VITAL  have  shown  that  epithelial 
cells  isolated  from  bronchial  biopsies  of  LIFE-abnormal  mucosa  can  be  characterized  as  more 
aggressive  (invasive  and  migratory)  than  those  of  LIFE-normal  mucosa.  Microarray  analysis 
suggested  that  several  CXCL-chemokine  signaling  pathways  are  mainly  deregulated  in  LIFE- 
abnormal  cells.  Moreover,  we  identified  that  pro-angiogenic  ELR+  (glutamic  acid,  lysine  and 
arginine  motif)  chemokines  were  strongly  upregulated  by  inflammatory  cytokines  in  lung  cancer 
cells. 

Findings:  We  demonstrated  that  targeting  EGFR  and  its  signaling  pathway  can  be  a  useful 
method  for  chemoprevention  as  shown  by  the  successful  blockage  of  hyperplasia  and 
metaplasia  in  bronchial  epithelium  using  MEK  or  EGFR  inhibitor.  We  used  pharmacological 
inhibitors  to  selectively  inhibit  components  of  the  PI3K/Akt  and  Erk  pathways  to  determine  which 
pathway  impacts  the  proliferation  capacity  in  NHTBE  cells;  results  suggest  that  the  Erk  signal 
pathway  is  critical  for  EGF-induced  hyperplasia  of  NHTBE  cells.  Data  demonstrated  that  normal 
bronchial  epithelial  cells  grown  in  a  3-dimensional  organotypic  method  reconstitute  bronchial 
hyperplasia/dysplasia  if  elevated  concentrations  of  ErbBI  ligands. 

CXCR2  expression  was  determined  using  IHC  and  microarray  with  a  large  set  (n=458)  of 
NSCLC  tissues.  The  association  between  cytoplasmic  CXCR2  (cCXCR2)  expression  in  tumor 
cells  and  clinico-pathological  factors  as  well  as  survival  was  analyzed.  High  cCXCR2  was 
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associated  with  overall  survival  [Hazard  ratio  (HR)  1.5696;  confidence  interval  (Cl)=1. 176-2. 096, 
p-value=0.002]  and  recurrence-free  survival  (HR  1.321;  Cl=1. 027-1 .698,  p-value=0.030)  in  a 
univariate  Cox  proportional  hazards  (CPH)  model.  These  findings  strongly  suggest  that 
cCXCR2  expression  in  NSCLC  tumor  cells  is  frequent  and  associated  with  an  adverse  outcome. 
The  CXCR2/CXCR2  ligands  biological  axis  may  be  associated  with  activation  of  the  KRAS  and 
NFKB  signaling  pathways,  and  poor  prognosis,  in  lung  adenocarcinomas. 


Project  4:  Modulation  of  Death  Receptor-Mediated  Apoptosis  for  Chemoprevention 

(Project  Leader  and  co-leaders:  Shi-Yong  Sun,  Ph.D.;  Taofeek  Owonikoko,  M.D.,  Ph.D.) 

The  objective  of  Project  4  is  to  understand  the  role  of  death  receptor  (DR)-mediated  apoptotic 
pathways  in  lung  carcinogenesis,  cancer  prevention,  and  therapy  in  order  to  develop 
mechanism-driven  combination  regimens  by  modulating  DR-mediated  apoptosis  for 
chemoprevention  and  therapy  of  lung  cancer. 

Aim  1:  To  determine  whether  decoy  receptor  (DcR)  and  tumor  necrosis  factor-related 
apoptosis-inducing  ligand  (TRAIL)  expression  are  reduced  or  lost  while  DR  remains 
largely  expressed  and  whether  procaspase-8  and  FLIP  expression  and  Akt  activity  are 
increased  during  lung  carcinogenesis. 

Findings:  We  constructed  lentiviral-inducible  expression  systems  for  the  following  genes,  whose 
products  are  key  components  in  the  extrinsic  apoptotic  pathway:  DR4,  DR5,  DcRI ,  DcR2  and 
caspase-8.  In  addition,  we  also  constructed  and  validated  lentiviral  vial  expression  constructs  for 
wild-type  FADD,  dominant-negative  FADD  and  FADD-S194A  (phosphorylation-resistant 
mutant).  These  valuable  resources  will  be  very  useful  for  our  future  studies  in  this  direction  to 
understand  and  dissect  this  pathway  in  regulation  of  cancer  development  and  in  mediation  of 
cancer  therapy. 

Aim  2:  To  establish  TRAIL-resistant  cell  lines  from  a  TRAIL-sensitive  lung  cancer  cell 
line  and  determine  whether  levels  of  DcRs,  DRs,  procaspase-8,  TRAIL  and  FLIPs  and  Akt 
activity  are  altered  and  are  associated  with  cell  resistance  to  TRAIL  and  DR-inducing 
agents. 

Findings:  We  were  not  able  to  demonstrate  that  the  TRAIL-resistant  lung  cancer  cell  lines 
exhibited  cross-resistance  to  some  DR-inducing  agents.  We  focused  on  addressing  the 
question  of  whether  these  agents  modulate  the  DR-mediated  apoptotic  pathway  and,  if  so,  how 
they  modulate  the  DR-mediated  apoptotic  pathway  and  whether  the  modulations  impact 
apoptosis  by  these  DR-inducing  agents.  Using  celecoxib  as  a  DR5  inducer,  we  revealed  a  novel 
ERK/RSK-dependent  mechanism  that  regulates  DR5  expression.  Both  CHOP  and  Elkl  are 
required  for  celecoxib-induced  DR5  expression  based  on  promoter  deletion  and  mutation 
analysis  and  siRNA-mediated  gene  silencing  results.  Further  studies  revealed  that  oncogenic 
Ras  and  B-Raf  increase  DR5  expression  involving  co-activation  of  ERK/RSK  and  JNK  signaling 
via  enhancing  CHOP,  Elkl,  and  c-Jun-dependent  transcription.  This  study  has  demonstrated 
that  the  oncogenic  Ras  induces  DR5  expression  through  activation  of  both  ERK/RSK  and  JNK 
signaling  pathways  and  subsequent  CHOP,  Elkl,  and  c-Jun-mediated  gene  transactivation. 
Cancers  with  Ras  mutation  may  suitable  for  TRAIL-based  cancer  therapy. 
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Aim  3:  To  determine  whether  suppression  of  PI3K/Akt  activity  sensitizes  premalignant 
and/or  malignant  airway  epithelial  cells  to  apoptosis  induced  by  DR-induced  agents  via 
enhancement  of  TRAIL/DR-mediated  mechanism. 

Findings:  We  studied  the  effects  of  the  novel  Akt  inhibitor  API-1  on  c-FLIP  expression  and 
TRAIL-induced  apoptosis,  and  we  found  that  API-1  potently  reduced  the  levels  of  c-FLIP 
enhanced  TRAIL’S  cell  killing  effect  in  both  lung  and  head  and  neck  cancer  cells.  The  ongoing 
works  will  be  conducted  outside  the  scope  of  this  grant:  1)  further  demonstrate  the  cooperative 
effect  of  API-1  and  TRAIL  combination  on  induction  of  apoptosis;  2)  understand  the 
mechanism(s)  by  which  API-1  induces  c-FLIP  downregulation;  and  3)  study  the  relationship 
between  Akt  inhibition  and  c-FLIP  reduction. 

We  tested  the  novel  PI3K  inhibitor  BKM120  (Novartis)  for  its  effect  on  TRAIL-mediated  cell 
killing  effect  in  human  lung  cancer  cells.  We  found  that  BKM120  in  combination  with  TRAIL 
exhibited  enhanced  killing  effects  in  the  tested  cell  lines.  Further  research  to  reveal  the 
mechanism  by  which  BMK120  enhances  TRAIL-induced  apoptosis  will  be  conducted  outside 
the  scope  of  this  grant. 

Aim  4:  To  determine  whether  DRs,  DcRs,  c-FLIP,  and  procaspase-8  serve  as  biomarkers 
for  lung  cancer  chemoprevention  and  therapy. 

We  deferred  analysis  of  these  markers  in  the  limited  clinical  specimens  due  to  the  lack  of 
compelling  data,  when  reviewed  in  collaboration  with  the  project  investigators,  statisticians  and 
molecular  pathologist,  to  justify  such  work  at  this  time. 


Project  5:  Molecular  Strategies  Targeting  the  AKT  Signaling  Pathway  for  Lung  Cancer 
Chemoprevention  and  Therapy 

(PI  and  co-PI:  Ho-Young  Lee,  Ph.D.,  Edward  S.  Kim,  M.D.) 

Our  goal  was  to  find  novel  chemopreventive/therapeutic  agents  that  can  prevent  lung 
carcinogenesis  effectively.  Results  from  our  work  and  others’  have  demonstrated  that  Akt,  which 
has  a  clear  role  in  cellular  survival  and  transformation,  is  constitutively  active  in  premalignant 
and  malignant  HBECs  and  in  NSCLC  cell  lines.  These  findings  suggest  an  importance  of 
PI3K/Akt  signaling  pathway  in  lung  carcinogenesis.  The  purpose  of  our  studies  is  to  determine 
whether  activation  of  Akt  induces  malignant  transformation  of  HBE  cells  and  to  develop  novel 
agents  inhibiting  Akt  activity  as  a  strategy  to  prevent  lung  carcinogenesis. 

Aim  1  Develop  a  retroviral  vector  expressing  constitutively  active  Akt  and  characterize 
the  in  vitro  and  in  vivo  effects  of  Akt  activation  on  the  malignant  transformation  of 
HBE  cells. 

Findings:  We  constructed  retroviral  vectors  expressing  constitutively  active  or  dominant 
negative  Aktl,  2,  or  3.  The  Akt  constructs  were  confirmed  by  sequencing  and  Western  blot 
analysis.  Viral  titers  have  been  determined  by  the  colony  formation  analysis.  To  analyze  roles  of 
Akt  1,  2  or  3  in  the  survival  of  HBE  cells,  BEAS2B  cells  were  stably  transfected  with  retroviral 
vectors  expressing  constitutively  active  Akt  1,  2,  3.  We  analyzed  the  survival  of  the  cells  in  the 
presence  of  H202,  and  found  that  Aktl,  2,  and  3  protected  HBE  cells  from  cell  death. 


15 


Army  Award  W81XWH-04-1 -01 42;  Waun  Ki  Hong,  M.D. 

Final  Report:  Reporting  Period  15  December  2003  -  14  June  2011 


Aim  2  Evaluate  the  ability  of  chemopreventive  agents  used  in  VITAL  trials  (gefitinib, 
erlotinib,  SCH66336,  and  celecoxib,  alone  and  in  combination)  to  inhibit  Akt 
activity  and  induce  apoptosis  in  transformed  HBE  and  NSCLC  cell  lines. 

Findings:  We  analyzed  the  chemopreventive  and/or  therapeutic  activities  of  agents  used  in  the 
VITAL  trials,  including  inhibitors  of  EGFR  signaling  and  their  downstream  effectors.  We  found 
that  gefitinib,  erlotinib,  and  SCH66336  in  combination  with  IGF-1R  inhibitors  effectively  inhibited 
Akt  activity  and  induced  apoptosis  in  transformed  HBE  and  NSCLC  cell  lines. 

Aim  3  Determine  whether  Akt  is  activated  in  bronchial  specimens  from  enrolled  patients 
in  VITAL  trials  and  whether  treatment  with  chemopreventive  agents  suppresses 
Akt  level  or  activity  in  these  patients. 

Findings:  We  described  the  expression  patterns  of  IGF-1R,  IGFBP-3,  IR,  pAKT,  pIGF-IR,  pSrc, 
pmTOR,  pAMPK,  pEGFR,  and  pS6  and  their  correlation  with  clinicopathologic  characteristics  in 
a  large  tissue  microarray.  We  found  that:  1)  this  TMA  approach  is  highly  effective  in  identifying 
the  expression  patterns  of  possible  biomarkers  and  could  be  useful  to  identify  subsets  of 
NSCLC  patients  who  might  be  candidates  for  further  clinical  trials  incorporating  inhibitors  of  IGF- 
1R,  EGFR,  or  Src  signaling  components;  2)  IGF-1R  and  Src  signaling  are  highly  activated  in 
patients  with  NSCLC  and  should  be  investigated  as  therapeutic  targets  in  NSCLC  patients;  and 
3)  Src  activity  may  counteract  the  antitumor  action  of  molecularly  targeted  agents  against  IGF- 
1R,  providing  the  rationale  to  integrate  Src-targeted  agents  in  treatment  regimens  with  IGF-1R 
inhibitors  for  patients  with  NSCLC. 


Core  A:  Administrative  Core 

(Core  Director:  Waun  Ki  Hong,  M.D.) 

Core  Goals:  The  Administrative  Core  will  have  a  dynamic,  functional  role  in  support  of  the 
individual  projects,  including  their  integration  into  the  program  as  a  whole.  The  Administrative 
Core  will  have  overall  fiscal,  administrative  and  scientific  responsibility  for  the  research  projects, 
including  employment  of  key  personnel  to  guarantee  effective  financial  administration  of  the 
projects  and  timely,  accurate  compliance  with  reporting  requirements.  Such  administrative 
control  of  fiscal  and  administrative  matters  will  ensure  that  careful  and  appropriate  direction  is 
given  to  all  components  of  the  projects  and  that  goals  are  met  within  realistic  time  and  budget 
constraints. 

Findings:  The  Administrative  Core  supported  the  research  conducted  in  the  VITAL  program, 
and  worked  with  the  individual  projects  to  ensure  full  integration  into  the  program,  fiscal 
accountability,  and  to  provide  organization  and  direction  to  guarantee  the  timely  completion  of 
the  proposed  research.  Activities  conducted  include: 

•  Coordination  of  monthly  and  ad  hoc  meetings  of  Principal  Investigators  and 
clinical/laboratory  research  teams 

•  Administrative  updates  of  the  VITAL  program  at  the  DoD  Executive  Committee  Meetings 
held  every  other  month 

•  Monthly  reviews  of  program  budgets  and  expenditures 

•  Monthly  reviews  of  personnel  supported  by  VITAL  funds 

•  Ensuring  annual  regulatory  reviews  of  and  submission  of  related  documentation  for 
VITAL  clinical  trial  protocols  to  maintain  federal,  state,  and  institutional  compliance 
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•  Ensuring  annual  reviews  of  and  submission  of  related  documentation  for  animal 
research  protocols  to  maintain  federal,  state,  and  institutional  compliance 

•  Prarpation  and  submission  of  annual  reports  to  the  DoD 

•  Coordination  of  Scientific  Advisory  Board  meetings  to  monitor  program  performance 
A  detailed  listing  of  all  personnel  supported  by  VITAL  funding  is  included  in  Appendix  3. 


Core  B:  Biostatistics  &  Data  Management  Core 

(Core  Director:  J.  Jack  Lee,  Ph.D.) 

Core  Goals: 

1.  To  provide  statistical  design,  sample  size/power  calculations,  and  integrated, 
comprehensive  analysis  for  each  basic  science,  pre-clinical,  and  clinical  study. 

2.  To  develop  a  data  management  system  that  provides  tracking,  quality  control,  and 
integration  of  clinical,  pathological,  and  basic  science  data.  New  database  modules  will 
be  developed  and  integrated  to  the  existing  VITAL  web-based  database  and  with  the 
clinical  database  from  the  Department  of  Thoracic/Head  and  Neck  Medical  Oncology. 

3.  To  provide  statistical  and  data  management  support  for  genomic  and  imaging  studies 
including  microarray,  proteomics,  protein  antibody  array,  and  spiral  CT. 

4.  To  develop  and  adapt  innovative  statistical  methods  pertinent  to  biomarker-integrated 
translational  lung  cancer  studies. 

5.  To  generate  statistical  reports  for  all  projects. 

6.  To  collaborate  and  assist  all  project  investigators  in  the  publication  of  scientific  results. 

Findings:  The  Biostatistics  and  Data  Management  Core  worked  actively  with  all  the  VITAL 
Projects  in  their  research  efforts  in  the  areas  of  biostatistical  support  and  consulted  in  the 
clinical  trial  design,  implementation,  conduct,  and  analysis  of  experimental  results. 

Two  databases  were  created  to  facilitate  the  work  performed  for  the  VITAL  Projects:  the  VITAL 
database  is  a  web-enabled  database  system  to  facilitate  the  conduct  of  the  Vanguard  Trial,  and 
the  ReVITALization  database  was  designed  to  integrate  the  retrospectively  collected  data  with 
the  prospectively  conducted  clinical  trial  data.  We  generated  the  statistical  report  for 
ReVITALization  data  incorporating  the  important  patients’  clinicopathological  characteristics, 
treatment,  and  21  biomarkers  located  in  the  histological  analysis. 


Core  C:  Pathology  and  Specimen  Procurement  Core 

(Core  Director:  Ignacio  Wistuba,  M.D.) 

Aim  1.  Develop  and  maintain  a  repository  of  tissue  and  other  biologic  specimens  from 
patients  enrolled  on  the  clinical  trials  in  Project  1. 

Findings:  As  of  June  2011,  131  bronchoscopies  have  been  performed  at  baseline,  12-,  24-  and 
36-month  periods.  From  these  patients,  Core  C  has  acquired,  processed,  and  banked  a  total  of 
1,840  specimens  obtained  during  these  bronchoscopies  (Table  1). 
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Table  1.  Summary  of  specimens  collected  and  banked  in  the  Pathology  Core 


Type  of  Specimen 

Number 

Sputum 

122 

Buccal  Brush 

122 

Bronchial  Brush 

737 

Bronchial  Wash 

123 

Tissue  Specimens 

736 

Total 

1,840 

In  collaboration  with  Project  2,  mRNA  was  extracted  from  320  bronchial  epithelial  samples  for 
mRNA  Affymetrix  profiling,  including  RNA  quality  control  and  RNA  amplification. 

Aim  2.  Maintain  a  comprehensive  database  of  tissue  and  specimen  characteristics  from 
patients  enrolled  in  the  clinical  trials  of  Project  1,  including  pathologic  characteristics  of 
each  specimen,  inventory  and  distribution. 

Findings:  The  Biostatistics  Core  (Dr.  J.J.  Lee)  has  developed  a  Web-based  database  that  has 
been  used  by  the  Pathology  Core  members  to  catalogue  all  the  specimens  obtained  and 
banked  in  the  Core  C  and  to  report  pathology  diagnosis.  From  the  Vanguard  patients,  1,104 
cytological  specimens  and  736  bronchial  biopsies  have  been  tracked  and  inventoried  using  the 
Web-based  database. 

Aim  3.  Provide  comprehensive  pathologic  characterization  of  all  tissues  and  other 
biologic  specimens  and  assist  in  preparation  and  evaluation  of  studies  involving  these 
tissues. 

Findings:  Core  C  processed  and  performed  histopathological  diagnosis  of  1,608  histology 
sections  from  patient  bronchoscopies  (Table  2).  We  examined  two  H&E-stained  tissue  sections 
per  bronchial  biopsy. 


Table  2.  Summary  of  the  histopathology  diagnoses  made  in  1 ,608  histology  sections  from  bronchial 
biopsies  obtained  from  Vanguard  clinical  trial  (Project  1). 


Diagnosis 

N 

% 

No  Tissue/Denuded  Epithelium 

45 

2.8% 

Normal  Epithelium 

1,102 

68.5% 

Goblet  Cell  Metaplasia  (GCM) 

94 

5.8% 

Basal  Cell  Hyperplasia  (BCH) 

292 

18.2% 

Combined  GCM/BCH 

386 

24.0% 

Squamous  Metaplasia 

57 

3.5% 

Angiogenic  Squamous  Dysplasia 
(ASD) 

2 

0.1% 

Mild  Dysplasia 

8 

0.5% 

Moderate  Dysplasia 

8 

0.5% 

Aim  4.  Provide  centralized  immunohistochemistry  and  laser  capture  microdissection 
services,  nucleic  acid  extractions  and  assistance  with  construction  and  evaluation  of 
tissue  arrays. 
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Findings:  Core  C  performed  the  analysis  of  molecular  markers  using  lung  cancer  and 
respiratory  epithelium  tissue  specimens.  We  discovered  that  twenty-nine  markers  had  a 
significant  association  with  EGFR  mutation  in  tumors  in  the  multivariate  analysis  adjusting  by 
patients’  sex,  smoking  status,  and  tumor  stage.  Additionally,  47  markers  showed  significant 
differences  in  the  level  of  expression  comparing  patients’  smoking  status,  including  current, 
former,  and  never-smokers.  Our  findings  indicated  that  there  are  multiple  molecular  differences 
between  lung  adenocarcinomas  arising  in  never-  and  ever-smokers,  suggesting  that  they  are 
different  entities.  These  findings  have  implications  for  the  selection  of  molecular  targets  for 
developing  novel  therapy  in  patients  with  lung  adenocarcinoma  based  on  their  smoking  history. 

Aim  5.  Identify  ~600  surgically  resected  tissue  specimens  from  stages  I/ll  NSCLC  (tumor, 
normal  and  abnormal  adjacent  bronchial  epithelium  specimens)  and  their  complete 
clinical  and  pathologic  information. 

Findings:  We  identified  tumor  and  adjacent  normal  epithelium  and  preneoplastic  lesions  from 
more  than  500  NSCLCs  as  part  of  the  TMA  set  II.  We  completed  the  construction  of  the  TMA 
set  in  2008,  and  we  used  it  for  the  analysis  of  molecular  markers  by  IHC.  Nineteen  TMAs  were 
constructed  using  triplicate  tissue  cores  (1  mm  diameter)  from  598  NSCLCs  obtained  from  558 
patients.  In  addition,  in  collaboration  with  Project  1  (Dr.  E.  Kim)  and  Biostatistics  Core  (Dr.  JJ 
Lee),  detailed  demographic  and  clinical  information  was  obtained  in  all  the  cases,  including 
follow-up  information  for  adjuvant  therapy,  secondary  tumor  development,  recurrence, 
metastasis  pattern,  and  survival.  All  the  pathological  and  clinical  data  was  entered  in  database 
modules  developed  by  the  Biostatistic  Core. 

Aim  6.  Examine  over  40  biomarkers  in  those  specimens  by  immunohistochemical  (IHC) 
and  tissue  microarrays  (TMAs). 

Findings:  Our  initial  aim  was  to  study  over  40  markers  by  IHC  using  TMA  methodology. 
However,  as  part  of  the  ReVITALization  project,  we  studied  25  IHC  markers  in  total  as 
requested  by  the  research  projects:  Project  2  (J.  Minna,  L.  Mao,  and  R.  Lotan),  six  markers; 
Project  3  (P.  Koo  and  W.  Hittelman),  five  markers;  Project  4  (F.  Khuri),  four  markers;  Project  5 
(H-Y  Lee),  ten  markers.  Based  in  the  tissue  and  data  available  from  the  research  projects,  21 
markers  were  examined  and  reported.  The  data  generated  by  Core  C  were  reported  to  the 
Biostatistics  Core  (Core  B)  for  analysis.  We  also  have  TMA  histology  sections  for  future  IHC 
analysis,  including  those  generated  by  the  analysis  of  the  data  obtained  during  the  mRNA 
profiling  of  the  Vanguard  bronchoscopy  biopsies. 


DRP  - 1:  Enhanced  Oral/Head  and  Neck  Examination  Protocol 

(PI  and  co-PIs:  Waun  Ki  Hong,  M.D.,  Jack  Martin,  D.D.S.,  Captain  Larry  Williams) 
This  project  was  discontinued. 


DRP  -  2:  Biomarkers  for  Aggressive  Lung  Carcinomas  in  African  American  Men 

(PI:  Sharon  Lobert,  Ph.D.,  University  of  Mississippi,  Jackson,  MS) 

We  hypothesized  that  1)  (3  class  III  tubulin  levels  are  higher  in  NSCLCs  from  African  American 
men  compared  to  white  men;  2)  The  expression  of  proteins  that  alter  microtubule  dynamics  is 
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increased  in  NSCLCs  from  African  American  men  compared  to  white  men.  Higher  levels  of 
these  proteins  would  reduce  the  effectiveness  of  antimitotic  agents  such  as  paclitaxel  or 
vinorelbine  used  in  the  treatment  of  NSCLC  that  stabilize  or  destabilize  mitotic  spindles. 

Findings:  64  NSCLCs  (Stages  IA,  IB  and  IV)  and  12  normal  lung  tissue  specimens  were 
obtained  from  the  NCI  Cooperative  Human  Tissue  Network  and  quantitative  real-time  RT-PCR 
was  used  to  measure  tubulin  isotype,  stathmin  and  MAP4  mRNA  levels.  Our  goal  was  to 
determine  whether  p-tubulin  mRNA  levels  could  be  useful  as  biomarkers.  Using  quantitative 
real-time  RT-PCR,  we  measured  the  levels  of  seven  classes  of  p-tubulin  isotypes,  stathmin,  and 
MAP4  in  64  NSCLC  and  12  normal  lung  tissue  specimens.  We  found  significantly  higher 
fractions  of  p-tubulin  classes  II  and  V  mRNA  compared  to  other  isotypes  in  all  tumor  samples 
(p<  0.05).  In  addition,  the  ratio  of  p-tubulin  classes  ll/V  mRNA  was  significantly  higher  in 
NSCLCs  compared  to  normal  tissues  (p  <  0.001).  The  data  suggest  that  the  ratio  of  p-tubulin 
classes  II  and  V  mRNA  could  be  useful  as  a  biomarker  for  NSCLCs,  tumor  differentiation  and/or 
aggressiveness.  Furthermore,  the  ratio  of  MAP4  to  stathmin  mRNA  was  found  to  be  higher  in 
diseased  tissues  compared  to  normal  lung  tissues  suggesting  this  ratio  might  also  be  used  as  a 
clinically  relevant  biomarker.  These  changes  are  likely  due  to  dysregulation  of  microtubule 
dynamics  in  the  disease  state,  essential  for  cell  division  and  proliferation,  but  these  mechanisms 
need  to  be  further  explored. 
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KEY  RESEARCH  ACCOMPLISHMENTS  (IN  SUMMARY) 

Project  1 :  Biologic  Approaches  for  Adjuvant  Treatment  of  Aerodigestive  Tract  Cancer 

•  Enrolled  a  total  of  54  patients  to  the  Vanguard  trial,  and  with  38  evaluable  patients  (having 
completed  both  the  baseline  and  12-month  bronchoscopy). 

•  Performed  statistical  analyses  on  data  from  542  patients  (including  19  from  the  Vanguard 
trial)  whose  tumor  specimens  were  analyzed  for  21  markers. 

•  Completed  tissue  identification  and  clinical  data  collection  of  over  500  archived  tissue 
specimens  from  the  pathology  database  for  the  ReVITALization  plan. 

Project  2:  Identification  of  Biomarkers  of  Response  to  Chemoprevention  Agents  in 
Lung  Epithelium 

•  Generated  HBECS  from  over  50  different  individuals  and  immortalized  15  peripheral  small 
airway  epithelial  cells  (HSAECs). 

•  Discovered  that  the  HBECs  and  HSAECs  are  immortalized  cells  that  express  many 
properties  of  pulmonary  stem  cells  and  have  the  capacity  to  differentiate  along  several 
lineages. 

•  Demonstrated  that  amplification  is  far  more  common  a  mechanism  of  oncogene  activation 
than  previously  believed  and  that  specific  regions  of  the  genome  are  hotspots  of 
amplification. 

•  Produced  data  to  illustrate  that  genetic  alteration  of  BRF2  represents  a  novel  mechanism  of 
lung  tumorigenesis  through  the  increase  of  Pol  Ill-mediated  transcription  in  cancer. 

•  Derived  a  five-gene  signature,  comprised  of  genes  UBE2C,  MCM2,  MCM6,  TPX2,  and 
FEN1,  that  was  effective  in  predicting  the  survival  of  lung  adenocarcinoma  patients  upon 
analysis  of  publicly  available  NSCLC  microarray  datasets. 

•  Analyzed  genes  differentially  expressed  among  airways  sampled  at  different  anatomical 
locations  of  the  lung  and  at  various  distances  from  the  original  resected  tumors  and 
identified  site-dependent  differentially  expressed  genes  and  pathways  in  the  field  of 
cancerization  that  have  potential  value  in  predicting  recurrence  or  second  primary  tumor 
development. 

Project  3:  Premalignant  Bronchial  Epithelia:  Molecular  and  Cellular  Characterization  of 
Lung  Tumorigenesis 

•  Identified  the  consistently  regulated  genes  and  the  signaling  pathway  that  is  critical  for 
tumorigenesis. 

•  Developed  a  color-coding  methodology  to  distinguish  subpopulations  of  cells  within 
heterogeneous  lung  tumor  and  immortalized  human  bronchial  epithelial  cell  populations. 

•  Demonstrated  that  mitotic  instability  was  associated  with  increased  expression  of  stress- 
response  proteins. 

•  Illustrated  that  mitotic  directionality  and  fidelity  depend  on  cell-cell  and  cell-substrate 
interactions. 

•  Generated  lentiviral  vectors  for  inducing  living  color  probes  in  primary  bronchial  epithelial 
cells  to  examine  clonal  outgrowths. 

•  Demonstrated  that  chemokine  receptor  CXCR2  expression  in  tumor  cells  is  associated  with 
a  poor  prognosis  in  NSCLC. 

•  Demonstrated  that  CREB  and  NF-kB-regulated  CXC  chemokine  gene  expression  in  lung 
carcinogenesis. 

•  Used  pharmacological  inhibitors  to  selectively  inhibit  components  of  the  PI3K/Akt  and  Erk 
pathways  to  determine  which  pathway  impacts  the  proliferation  capacity  in  NHTBE  cells. 

•  Demonstrated  growth  suppression  of  lung  cancer  cells  by  targeting  CREB. 
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Project  4:  Modulation  of  Death  Receptor-Mediated  Apoptosis  for  Chemoprevention 

•  Constructed  lentiviral-inducible  expression  systems  for  the  following  genes,  whose  products 
are  key  components  in  the  extrinsic  apoptotic  pathway:  DR4,  DR5,  DcRI,  DcR2  and 
caspase-8. 

•  Constructed  and  validated  lentiviral  vial  expression  constructs  for  wild-type  FADD, 
dominant-negative  FADD  and  FADD-S194A. 

•  Demonstrated  ERK/RSK-dependent  regulation  of  DR5  expression  through  co-activation  of 
CHOP  and  EIK1  transcriptional  factors. 

•  Conducted  the  first  detailed  experiment  to  demonstrate  the  mechanism  by  which  the 
oncogenic  Ras  induces  DR5  expression.  This  finding  provides  a  scientific  rationale  for 
targeting  tumors  with  Ras  or  B-Raf  mutation  with  TRAIL-  or  DR5  agonistic  antibody-based 
therapies. 

•  Demonstrated  that  the  Akt  inhibitor  API-1  downregulates  c-FLIP  and  enhances  TRAIL- 
induced  apoptosis. 

•  Demonstrated  that  the  PI3K  inhibitor  BKM120  sensitizes  lung  cancer  cells  to  TRAIL-induced 
apoptosis. 

Project  5:  Molecular  Strategies  Targeting  the  AKT  Signaling  Pathway  for  Lung  Cancer 
Chemoprevention  and  Therapy 

•  Constructed  retroviral  vectors  expressing  constitutively  active  or  dominant  negative  Aktl ,  2, 
or  3. 

•  Demonstrated  that  that  Aktl ,  2,  and  3  protected  HBE  cells  from  cell  death. 

•  Tested  gefitinib,  erlotinib,  and  SCH66336  in  combination  with  IGF-1R  inhibitors  and  inhibited 
Akt  activity  and  induced  apoptosis  in  transformed  HBE  and  NSCLC  cell  lines. 

•  Described  the  expression  patterns  of  IGF-1R,  IGFBP-3,  IR,  pAKT,  pIGF-IR,  pSrc,  pmTOR, 
pAMPK,  pEGFR,  and  pS6  in  a  large  tissue  microarray. 

•  Discovered  that  IGF-1R  and  Src  signaling  are  highly  activated  in  patients  with  NSCLC. 

•  Found  that  Src  activity  may  counteract  the  antitumor  action  of  molecularly  targeted  agents 
against  IGF-1R. 

Core  B:  Biostatistics  &  Data  Management  Core 

•  Created  two  databases  to  store  and  analyze  patient  data:  the  VITAL  database  to  facilitate 
the  conduct  of  the  Vanguard  Trial,  and  the  ReVITALization  database  to  integrate  the 
retrospectively  collected  data  with  the  prospectively  conducted  clinical  trial  data 

•  Analyzed  data  for  Project  investigators  to  predict  patient  outcome. 

•  Completed  the  statistical  analysis  on  the  ReVITALization  data  to  build  a  risk  model. 

Core  C:  Pathology  and  Specimen  Procurement  Core 

•  Acquired,  processed,  and  banked  a  total  of  1,840  specimens  obtained  during  the  131 
bronchoscopies  from  patients  enrolled  in  the  Vanguard  trial  (Project  1 ). 

•  Identified  tumor  and  adjacent  normal  epithelium  and  preneoplastic  lesions  from  more  than 
500  NSCLCs. 

•  Analyzed  molecular  markers  using  lung  cancer  and  respiratory  epithelium  tissue  specimens. 

•  Discovered  that  twenty-nine  markers  had  a  significant  association  with  EGFR  mutation  in 
tumors  in  the  multivariate  analysis  adjusting  by  patients’  sex,  smoking  status,  and  tumor 
stage. 

•  Identified  multiple  molecular  differences  between  lung  adenocarcinomas  arising  in  never- 
and  ever-smokers,  suggesting  that  they  are  different  entities. 
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•  Obtained  detailed  demographic  and  clinical  information  from  558  patients,  including  follow¬ 
up  information  for  adjuvant  therapy,  secondary  tumor  development,  recurrence,  metastasis 
pattern,  and  survival. 

•  Studied  21  markers  by  IHC  using  TMA  methodology. 

Developmental  Research  Project  (DRP)  2:  Biomarkers  for  Aggressive  Lung  Carcinomas 

in  African  American  Men 

•  Determined  that  the  ratio  of  (3-tubulin  classes  ll/V  mRNA  was  significantly  higher  in  NSCLCs 
compared  to  normal  and  correlated  with  level  of  differentiation. 

•  Determined  that  ratio  of  MAP4  to  stathmin  mRNA  was  also  found  to  be  higher  in  tumor  than 
normal  lung  tissue. 
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ABSTRACT 

2,5-Dimethyl-celecoxib  (DMC)  is  a  derivative  of  celecoxib,  a 
cyclooxygenase-2  (COX-2)  inhibitor  with  anticancer  activity  in 
both  preclinical  studies  and  clinical  practice,  and  lacks  COX- 
2-inhibitory  activity.  Several  preclinical  studies  have  demon¬ 
strated  that  DMC  has  better  apoptosis-inducing  activity  than 
celecoxib,  albeit  with  undefined  mechanisms,  and  exhibits  an¬ 
ticancer  activity  in  animal  models.  In  this  study,  we  primarily 
investigated  DMC’s  cooperative  effect  with  tumor  necrosis  fac¬ 
tor-related  apoptosis-inducing  ligand  (TRAIL)  on  the  induction 
of  apoptosis  and  the  underlying  mechanisms  in  human  non¬ 
small-cell  lung  cancer  (NSCLC)  cells.  We  found  that  DMC  was 
more  potent  than  celecoxib  in  decreasing  the  survival  and 
inducing  apoptosis  of  NSCLC  cells.  When  combined  with 
TRAIL,  DMC  exerted  enhanced  or  synergistic  effects  on  the 
induction  of  apoptosis,  indicating  that  DMC  cooperates  with 
TRAIL  to  augment  the  induction  of  apoptosis.  To  determine  the 


underlying  mechanism  of  the  synergy  between  DMC  and 
TRAIL,  we  have  demonstrated  that  DMC  induces  a  CCAAT/ 
enhancer  binding  protein  homologous  protein-dependent  ex¬ 
pression  of  DR5,  a  major  TRAIL  receptor,  and  reduces  the 
levels  of  cellular  FLICE-inhibitory  protein  (c-FLIP)  (both  the  long 
and  short  forms),  key  inhibitors  of  death  receptor-mediated 
apoptosis,  by  facilitating  c-FLIP  degradation  through  a  ubiq- 
uitin/proteasome-dependent  mechanism.  It  is  noteworthy  that 
enforced  expression  of  c-FLIP  or  silencing  of  DR5  expression 
using  DR5  small  interfering  RNA  abrogated  the  enhanced  ef¬ 
fects  on  induction  of  apoptosis  by  the  combination  of  DMC  and 
TRAIL,  indicating  that  both  DR5  up-regulation  and  c-FLIP  re¬ 
duction  contribute  to  cooperative  induction  of  apoptosis  by  the 
combination  of  DMC  and  TRAIL.  Together,  we  conclude  that 
DMC  sensitizes  human  NSCLC  cells  to  TRAIL-induced  apopto¬ 
sis  via  induction  of  DR5  and  down-regulation  of  c-FLIP. 


This  study  was  supported  by  Georgia  Cancer  Coalition  Distinguished  Can¬ 
cer  Scholar  award  (to  S.-Y.S.)  and  Department  of  Defense  VITAL  grant 
W81XWH-04-1-0142  (to  S.-Y.S.  for  Project  4).  F.R.K.  and  S.-Y.S.  are  Georgia 
Cancer  Coalition  Distinguished  Cancer  Scholars. 

Article,  publication  date,  and  citation  information  can  be  found  at 
http  ://molpharm.  aspetj  ournals.org. 

doi:  10. 1124/mol.  107.037465. 
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Celecoxib  (Celebrex,  Pfizer  Inc.,  New  York,  NY)  is  an  ap¬ 
proved  drug  for  adjuvant  treatment  of  patients  with  familial 
adenomatous  polyposis.  In  addition,  celecoxib  is  being  tested 
in  various  clinical  trials  for  its  chemopreventive  and  thera¬ 
peutic  efficacy  against  a  broad  spectrum  of  epithelial  malig¬ 
nancies,  including  lung  cancers,  either  as  a  single  agent  or  in 
combination  with  other  agents  (Koki  and  Masferrer,  2002; 


ABBREVIATIONS:  COX-2,  cyclooxygenase-2;  DMC,  2,5-dimethyl-celecoxib;  TRAIL,  tumor  necrosis  factor-related  apoptosis-inducing  ligand; 
NSCLC,  non-small-cell  lung  cancer;  c-FLIP,  cellular  FLICE-inhibitory  protein;  c-FLIPl,  long  form  of  cellular  FLICE-inhibitory  protein;  c-FLIPs,  short 
form  of  cellular  FLICE-inhibitory  protein;  DR,  death  receptor;  CHOP,  CCAAT/enhancer  binding  protein  homologous  protein;  siRNA,  small 
interfering  RNA;  JNK,  c-Jun  N-terminal  kinase;  p-c-Jun,  phospho-c-Jun;  ER,  endoplasmic  reticulum;  DMSO,  dimethyl  sulfoxide;  PARP,  poly(ADP- 
ribose)  polymerase;  HA,  hemagglutinin;  ChIP,  chromatin  immunoprecipitation;  SRB,  sulforhodamine  B;  SP600125,  anthra(1 ,9-cc/)pyrazol-6(2/-/)- 
one  1 ,9-pyrazoloanthrone;  MG132,  A/-benzoyloxycarbonyl  (Z)-Leu-Leu-leucinal. 
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Grosch  et  al.,  2006).  Although  celecoxib  is  a  cyclooxygenase  2 
(COX-2)  inhibitor,  it  also  exerts  antitumor  activity  in  tumor 
cells  and  tissues  that  lack  the  COX-2  enzyme  (Grosch  et  al., 
2006).  Therefore,  celecoxib  seems  to  be  able  to  inhibit  tumor 
growth  independently  of  its  COX-2-inhibitory  activity. 

The  major  concern  for  celecoxib  as  a  cancer  therapeutic 
agent  is  that  it  induces  apoptosis  only  at  high  concentrations 
(>50  juM)  in  cell  culture  systems,  which  exceed  clinically 
achievable  plasma  levels  (<10  juM)  (Davies  et  al.,  2000).  In 
addition,  a  more  practical  issue  is  the  potential  cardiovascu¬ 
lar  side  effects  of  celecoxib,  which  probably  are  associated 
with  its  COX-2-inhibitory  activity  (Dogne  et  al.,  2006;  Mar- 
wali  and  Mehta,  2006).  Given  that  celecoxib  has  been  devel¬ 
oped  and  marketed  mainly  for  the  treatment  of  arthritis  and 
pain  but  not  primarily  for  anticancer  purposes,  it  is  conceiv¬ 
able  that  this  drug  might  be  suboptimal  for  inclusion  in  the 
treatment  of  advanced  cancers,  such  as  non-small-cell  lung 
cancer  (NSCLC).  To  this  end,  efforts  have  been  made  recently 
to  synthesize  celecoxib  derivatives  optimized  for  anticancer 
applications,  and  novel  non-COX-2  inhibitory  celecoxib  deriv¬ 
atives  have  been  identified  that  show  better  activity  than 
celecoxib  in  inducing  apoptosis  and  inhibiting  the  growth  of 
tumors  (Zhu  et  al.,  2002,  2004;  Kardosh  et  al.,  2005;  Pyrko  et 
al.,  2006). 

Among  these  derivatives,  2,5-dimethyl-celecoxib  (DMC) 
mimicked  celecoxib’s  numerous  antitumor  effects,  including 
the  induction  of  apoptosis,  the  reduction  of  neovasculariza¬ 
tion,  and  the  inhibition  of  experimental  tumor  growth  in 
some  in  vivo  tumor  models  with  increased  efficacy 
(Schonthal,  2006).  Thus,  this  compound  exhibits  cancer  ther¬ 
apeutic  potential  in  the  absence  of  COX-2  inhibitory  activity. 
Recently,  it  has  been  shown  that  DMC  down-regulates  sur- 
vivin  expression  in  human  cancer  cells;  this  effect  seems  to 
correlate  with  DMC’s  ability  to  induce  apoptosis  (Pyrko  et  al., 
2006). 

There  are  two  major  apoptotic  signaling  pathways:  the 
intrinsic  mitochondria-mediated  pathway,  and  the  extrinsic 
death  receptor-induced  pathway,  and  cross-talk  between 
these  pathways  is  mediated  by  the  truncation  of  the  proapop- 
totic  protein  Bid  (Hengartner,  2000).  It  is  well  known  that 
the  extrinsic  apoptotic  pathway  is  negatively  regulated  by 
the  cellular  FLICE-inhibitory  protein  (c-FLIP),  including 
both  long  (FLIPl)  and  short  (FLIPS)  forms,  through  inhibi¬ 
tion  of  caspase-8  activation  (Krueger  et  al.,  2001).  The  tumor 
necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL) 
binds  to  its  receptors:  death  receptor  4  (DR4,  also  called 
TRAIL-R1),  and  death  receptor  5  (DR5,  also  named  Apo2, 
TRAIL-R2,  or  Killer/DR5)  to  activate  the  extrinsic  apoptotic 
pathway  (Kelley  and  Ashkenazi,  2004).  Recently,  TRAIL  has 
received  much  attention  because  it  preferentially  induces 
apoptosis  in  transformed  or  malignant  cells,  demonstrating 
potential  as  a  tumor-selective  apoptosis-inducing  cytokine 
for  cancer  treatment  (Kelley  and  Ashkenazi,  2004).  Cur¬ 
rently,  TRAIL  is  being  tested  in  phase  I  clinical  trials.  It  is 
noteworthy  that  certain  cancer  therapeutic  agents  including 
celecoxib  sensitize  various  types  of  cancer  cells  to  TRAIL- 
induced  apoptosis  (Wang  and  El-Deiry,  2003;  Kelley  and 
Ashkenazi,  2004;  Liu  et  al.,  2004b).  Thus,  these  agents  are 
useful  in  combination  with  TRAIL  to  overcome  TRAIL  resis¬ 
tance  as  demonstrated  in  some  types  of  cancer  cells  (Wang 
and  El-Deiry,  2003). 

We  have  shown  previously  that  celecoxib  increases  DR5 


expression,  down-regulates  c-FLIP  levels,  and  hence  en¬ 
hances  TRAIL-induced  apoptosis  in  human  NSCLC  cells  (Liu 
et  al.,  2004b,  2006).  The  present  study  determined  whether 
DMC  exerted  similar  effects  on  induction  of  apoptosis,  mod¬ 
ulation  of  DR5  and  c-FLIP,  and  sensitization  of  TRAIL-in¬ 
duced  apoptosis  in  human  NSCLC  cells.  We  show  that  DMC 
potently  stimulates  the  expression  of  DR5,  which  is  depen¬ 
dent  on  the  transcription  factor  CCAAT/enhancer  binding 
protein  homologous  protein  (CHOP)/growth  arrest  and  DNA 
damage  gene  153.  Furthermore,  the  drug  stimulates  ubiq- 
uitin/proteasome-mediated  degradation  of  c-FLIP,  and  both 
of  these  events  contribute  to  DMC-mediated  enhancement  of 
TRAIL-induced  apoptosis. 

Materials  and  Methods 

Reagents.  DMC  was  synthesized  as  described  previously  (Kar¬ 
dosh  et  al.,  2005).  Celecoxib  was  purchased  from  LKT  Laboratories 
(St.  Paul,  MN).  Both  drugs  were  dissolved  in  DMSO  at  the  concen¬ 
tration  of  100  mM,  and  aliquots  were  stored  at  —  80°C.  Stock  solu¬ 
tions  were  diluted  to  the  appropriate  concentrations  with  growth 
medium  immediately  before  use.  The  soluble  recombinant  human 
TRAIL  was  purchased  from  PeproTech,  Inc.  (Rocky  Hill,  NJ).  The 
specific  JNK  inhibitor  SP600125  was  purchased  from  BIOMOL  Re¬ 
search  Laboratories  (Plymouth  Meeting,  PA).  The  proteasome  inhib¬ 
itor  MG132  was  purchased  from  Sigma  Chemical  Co.  (St.  Louis, 
MO).  Rabbit  polyclonal  anti-DR5  antibody  was  purchased  from 
ProSci  Inc.  (Poway,  CA).  Mouse  monoclonal  anti-DR4  antibody 
(B-N28)  was  purchased  from  Diaclone  (Stamford,  CT).  Mouse  mono¬ 
clonal  anti-FLIP  antibody  (NF6)  was  purchased  from  Alexis  Bio¬ 
chemicals  (San  Diego,  CA).  Mouse  monoclonal  anti-CHOP  antibody 
(B-3)  was  purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz, 
CA).  Mouse  monoclonal  anticaspase-3  antibody  was  purchased  from 
Imgenex  (San  Diego,  CA).  Rabbit  polyclonal  anticaspase-8,  anti- 
caspase-9,  and  anti-PARP  antibodies  were  purchased  from  Cell 
Signaling  Technology,  Inc.  (Danvers,  MA).  Rabbit  polyclonal  anti- 
/3-actin  antibody  was  purchased  from  Sigma  Chemical  Co. 

Cell  Lines  and  Cell  Culture.  Human  NSCLC  cell  lines  used  in 
this  study  were  purchased  from  the  American  Type  Culture  Collec¬ 
tion  (Manassas,  VA).  The  stable  H157-FLIPL-5  and  H157-FLIPL-21 
transfectants  that  express  ectopic  FLIPL,  and  H157-FLIPL-16  trans- 
fectant  that  were  infected  with  lentiviral  FLIPL  but  did  not  express 
ectopic  FLIPL,  were  established  as  described  previously  (Liu  et  al., 
2006).  Both  H157-lac  Z-5  (Liu  et  al.,  2006)  and  H157-FLIPL-16 
transfectants  were  used  as  control  cell  lines.  These  cell  lines  were 
cultured  in  RPMI  1640  medium  containing  5%  fetal  bovine  serum  at 
37°C  in  a  humidified  atmosphere  of  5%  C02/95%  air. 

Cell  Survival  Assay.  Cells  were  seeded  in  96-well  cell  culture 
plates  and  were  treated  the  next  day  with  the  agents  indicated.  The 
viable  cell  number  was  determined  using  the  sulforhodamine  B 
assay  as  described  previously  (Sun  et  al.,  1997). 

Detection  of  Apoptosis.  Apoptosis  was  evaluated  by  Annexin  V 
staining  using  Annexin  V-PE  apoptosis  detection  kit  purchased  from 
BD  Biosciences  (San  Jose,  CA)  following  the  manufacturer’s  instruc¬ 
tions.  We  also  detected  caspase  activation  by  Western  blotting  (as 
described  below)  as  an  additional  indicator  of  apoptosis. 

Western  Blot  Analysis.  Whole-cell  protein  lysates  were  pre¬ 
pared  and  analyzed  by  Western  blotting  as  described  previously  (Sun 
et  al.,  1999;  Liu  et  al.,  2004b). 

Immunoprecipitation  for  Detection  of  Ubiquitinated 
c-FLIP.  H157-FLIPL-21  cells,  which  stably  express  FLIPL,  were 
transfected  with  HA-ubiquitin  plasmid  using  the  FuGENE  6  trans¬ 
fection  reagent  (Roche  Diagnostics,  Indianapolis,  IN)  following  the 
manufacturer’s  instructions.  After  24  h,  the  cells  were  treated  with 
DMC  or  MG132  plus  DMC  for  4  h  and  then  were  lysed  for  immuno¬ 
precipitation  of  Flag-FLIPL  using  Flag  M2  monoclonal  antibody 
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(Sigma)  as  described  previously  (Chen  et  al.,  2005)  followed  by 
the  detection  of  ubiquitinated  FLIPl  with  Western  blotting  using 
anti-HA  antibody  (Abgent,  San  Diego,  CA). 

Silencing  of  DR5  Expression  Using  Small  Interfering  RNA. 
The  nonsilencing  control  small  interfering  RNA  (siRNA)  and  DR5 
siRNA  duplexes  were  described  previously  (Liu  et  al.,  2004b).  Trans¬ 
fection  of  these  siRNA  duplexes  was  conducted  in  six-well  plates 
using  the  HiPerFect  transfection  reagent  (QIAGEN,  Valencia,  CA) 
following  the  manufacturer’s  manual.  Gene-silencing  effect  was  eval¬ 
uated  by  Western  blot  analysis. 

Transient  Transfection  and  Luciferase  Activity  Assay. 

pGL3-DR5(— 552)  containing  a  wild-type  CHOP  binding  site  and 
pGL3-DR5(-552)CHOPm,  in  which  the  CHOP  binding  site  was  mu¬ 
tated,  were  generously  provided  by  H.  G.  Wang  (University  of  South 
Florida  College  of  Medicine,  Tampa,  FL)  (Yamaguchi  and  Wang, 
2004).  To  examine  the  effects  of  DMC  on  DR5  promoter  activity,  cells 
were  cotransfected  with  0.35  pig  of  reporter  plasmids  and  0.25  pig  of 
/3-galactosidase  expression  plasmid  (Pharmacia  Biotech,  Piscataway, 
NJ)  using  FuGENE  6  transfection  reagent  (Roche  Molecular  Bio¬ 
chemicals,  Indianapolis,  IN)  following  the  manufacturer’s  protocol. 
Twenty-four  hours  later,  the  cells  were  treated  with  DMC.  After 
12  h,  the  cells  were  lysed  and  subjected  to  luciferase  activity  assay 
using  Luciferase  Assay  System  (Promega,  Madison,  WI)  in  a  lumi- 
nometer.  Relative  luciferase  activity  was  normalized  to  /3-galactosi- 
dase  activity,  which  was  measured  as  described  previously  (Pfahl  et 
al.,  1990). 

Chromatin  Immunoprecipitation  Assay.  Chromatin  immuno- 
precipitation  (ChIP)  assay  was  conducted  using  the  ChIP  assay  kit 
purchased  from  Upstate  Biotechnology  (Charlottesville,  VA)  follow¬ 
ing  the  manufacturer’s  instruction  and  was  described  previously  (Liu 
et  al.,  2004a).  CHOP  antibody  for  immunoprecipitation  in  this  assay 
was  the  same  used  in  the  Western  blot  analysis.  Mouse  IgG2n  isotype 
antibody  was  purchased  from  EMD  Bioscience,  Inc.  (La  Jolla,  CA). 
Polymerase  chain  reaction  amplification  of  a  111-bp  fragment  of  DR5 
promoter  containing  a  CHOP  binding  site  on  immunoprecipitated 
chromatin  was  conducted  using  the  primers  5'-AGGTTAGTTCCG- 
GTCCCTTC-3'  (forward)  and  5'-CAACTGCAAATTCCACCACA-3' 
(reverse)  as  described  previously  (Abdelrahim  et  al.,  2006). 


Results 

DMC  Was  More  Potent  than  Celecoxib  in  Inhibiting 
the  Growth  and  Inducing  Apoptosis  of  Human  NSCLC 
Cells.  We  first  compared  the  effects  of  DMC  with  celecoxib  on 
the  growth  of  a  panel  of  human  NSCLC  cell  lines.  In  this 
experiment,  six  NSCLC  cell  lines  including  H157,  H460, 
H1792,  A549,  Calu-1,  and  H226  were  treated  with  increasing 
concentrations  of  DMC  or  celecoxib  for  3  days,  and  then  cell 
growth  inhibition  was  determined.  As  presented  in  Fig.  1,  A 
and  B,  both  compounds  inhibited  the  growth  of  the  tested  cell 
lines  in  a  dose-dependent  manner.  DMC  inhibited  cell  growth 
with  IC50  values  ranging  from  10  to  20  pM,  whereas  celecoxib 
did  so  with  IC50  values  ranging  between  20  and  35  pM, 
indicating  that  DMC  is  more  effective  than  celecoxib  in  in¬ 
hibiting  the  growth  of  NSCLC  cells.  Second,  we  examined  the 
effects  of  DMC  and  celecoxib  on  the  induction  of  apoptosis  in 
four  NSCLC  cell  lines.  At  the  concentration  of  50  pM,  DMC 
induced  more  than  60%  apoptosis  in  all  of  the  cell  lines 
tested,  whereas  celecoxib  caused  only  up  to  35%  apoptosis 
(Fig.  1C).  Together,  these  results  indicate  that  DMC  is  more 
potent  than  celecoxib  in  inhibiting  cell  growth  and  inducing 
apoptosis  in  human  NSCLC  cells. 

DMC  Cooperated  with  TRAIL  to  Augment  the  Induc¬ 
tion  of  Apoptosis  in  Human  NSCLC  Cells.  Our  previous 
work  has  shown  that  celecoxib  enhances  TRAIL-induced 
apoptosis  in  NSCLC  cells  (Liu  et  al.,  2004b).  Therefore,  we 


determined  whether  DMC  also  augmented  TRAIL-induced 
apoptosis  in  human  NSCLC  cells.  To  this  end,  we  treated 
four  NSCLC  cell  lines  (i.e.,  H157,  Calu-1,  H460,  and  A549) 
with  TRAIL  alone,  DMC  alone,  or  both  drugs  combined  and 
then  assessed  cell  survival  and  apoptosis.  As  presented  in 
Fig.  2A,  the  combination  of  DMC  at  concentrations  of  10  to  30 
pM  with  either  dose  of  TRAIL  (10  or  20  nM)  was  much  more 
effective  in  decreasing  tumor  cell  survival  than  either  single 
agent  alone.  For  example,  in  Calu-1  cells,  DMC  alone  at  20 
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Fig.  1.  DMC  exhibits  more  potent  efficacy  than  celecoxib  in  decreasing 
the  survival  (A  and  B)  and  inducing  apoptosis  (C)  of  human  NSCLC  cells. 
A  and  B,  the  indicated  NSCLC  cell  lines  were  seeded  in  96-well  cell 
culture  plates  and  were  treated  the  next  day  with  the  given  concentra¬ 
tions  of  DMC  (A)  or  celecoxib  (CCB)  (B).  After  3  days,  cell  number  was 
estimated  using  the  SRB  assay.  Cell  survival  was  expressed  as  the 
percentage  of  control  (DMSO-treated)  cells.  Data  are  the  means  of  four 
replicate  determinations;  bars,  ±  S.D.  C,  the  indicated  NSCLC  cell  lines 
were  treated  with  DMSO,  50  piM  DMC,  or  50  pM  celecoxib  for  24  h.  Cell 
death,  including  apoptosis  and  necrosis  from  these  cell  lines,  was  then 
determined  by  Annexin  V  staining. 
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pM  decreased  cell  survival  by  33%,  and  TRAIL  (10  ng/ml) 
alone  decreased  cell  survival  by  10%,  but  the  combination  of 
the  two  agents  reduced  cell  survival  by  almost  70%,  which  is 
greater  than  the  sum  of  the  effects  of  each  agent  alone. 
Moreover,  we  detected  apoptosis  in  two  NSCLC  cell  lines 
(H157  and  H460)  exposed  to  the  combination  of  DMC  and 
TRAIL.  During  a  24-h  treatment,  DMC  at  25  pM  did  not 
increase  apoptosis  in  either  cell  line,  and  10  ng/ml  TRAIL 
alone  induced  only  24  (H460)  and  15%  (H157)  apoptosis. 


However,  the  combination  of  DMC  and  TRAIL  caused  63  and 
30%  of  cells  to  undergo  apoptosis  (Fig.  2B).  In  addition,  the 
combination  of  DMC  and  TRAIL  was  much  more  potent  than 
each  single  agent  alone  in  inducing  cleavage  of  caspase-8, 
caspase-9,  caspase-3,  and  PARP  (Fig.  2C).  Together,  these 
results  clearly  indicate  that  DMC  cooperates  with  TRAIL  to 
augment  the  induction  of  apoptosis  in  human  NSCLC  cells. 

DMC  Induced  CHOP-Dependent  DR5  Expression. 
DR5  induction  is  one  mechanism  accounting  for  the  sensiti- 
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Fig.  2.  DMC  enhances  TRAIL’S  effects 
on  decreasing  cell  survival  (A),  induc¬ 
ing  apoptosis  (B),  and  activating 
caspases  (C)  in  human  NSCLC  cells. 
A,  the  indicated  cell  lines  were  treated 
with  the  given  concentrations  of 
TRAIL  alone,  DMC  alone,  and  their 
combination  as  indicated.  After  24  h, 
cell  number  was  estimated  using  SRB 
assay  for  the  calculation  of  cell  sur¬ 
vival.  Data  are  the  means  of  four  rep¬ 
licate  determinations.  Bars,  S.D.  B, 
the  indicated  cell  lines  were  treated 
with  10  ng/ml  TRAIL  alone,  25  /xM 
DMC  alone,  and  their  respective  com¬ 
bination  as  indicated.  After  24  h,  the 
cells  were  subjected  to  measurement 
of  apoptosis  using  Annexin  V  staining. 
The  percentage  of  positive  cells  in  the 
upper  right  and  lower  right  quadrants 
were  added  to  yield  the  total  of  apo- 
ptotic  cells.  C,  the  indicated  cell  lines 
were  treated  with  25  /xM  DMC  alone, 
10  ng/ml  TRAIL  alone,  and  their  com¬ 
bination.  After  8  h,  the  cells  were  har¬ 
vested  for  the  preparation  of  whole¬ 
cell  protein  lysates  and  subsequent 
Western  blot  analysis  for  detecting 
cleavage  of  caspases  and  their  sub¬ 
strates.  Casp,  caspase;  CF,  cleaved 
fragment. 
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zation  of  TRAIL-induced  apoptosis  by  some  small-molecule 
drugs,  including  celecoxib  (Liu  et  al.,  2004b;  Sun,  2005). 
Thus,  we  next  determined  whether  DMC  modulated  DR5 
expression  in  human  NSCLC  cells.  By  Western  blot  analysis, 
we  detected  a  time-dependent  induction  of  DR5  expression  in 
both  H157  and  H460  cell  lines  exposed  to  DMC,  which  oc¬ 
curred  early  at  4  h  and  was  sustained  for  at  least  16  h  (Fig. 
3A).  In  addition,  we  found  that  DMC  at  a  concentration  as 
low  as  10  j uM  was  able  to  increase  DR5  expression  in  both 
H157  and  H460  cell  lines  (data  not  shown).  Because  DR4  is 
another  TRAIL  death  receptor,  we  also  examined  DR4  ex¬ 
pression  in  cells  exposed  to  DMC  and  found  that  DMC  in¬ 
creased  DR4  levels  in  H157  cells  but  not  in  H460  cells  (Fig. 
3A).  Thus,  we  focused  on  DR5  in  the  subsequent  studies. 

To  understand  the  mechanism  by  which  DMC  induces  DR5 
expression,  we  analyzed  the  expression  of  CHOP,  a  transcrip¬ 
tional  factor  that  is  known  to  regulate  DR5  expression  via 
binding  to  its  promoter  region  (Yamaguchi  and  Wang,  2004; 
Yoshida  et  al.,  2005;  Abdelrahim  et  al.,  2006).  As  shown  in 
Fig.  3A,  DMC  increased  CHOP  levels  in  both  H157  and  H460 
cell  lines,  and  the  kinetics  of  induction  were  similar  to  those 
of  DR5.  To  determine  whether  CHOP  mediates  DMC-in- 


duced  DR5  expression,  we  compared  the  effects  of  DMC  on 
transactivation  of  DR5  promoters  with  and  without  the  wild- 
type  CHOP  binding  site.  As  shown  in  Fig.  3B,  DMC  signifi¬ 
cantly  increased  the  luciferase  activity  in  cells  transfected 
with  pGL3-DR5(-552)  carrying  the  wild-type  promoter,  but 
this  effect  was  completely  inhibited  in  cells  transfected  with 
the  mutant  construct  pGL3-DR5(  —  552)CHOPm,  in  which 
the  CHOP  binding  site  was  inactivated.  Moreover,  DMC  fa¬ 
cilitated  CHOP  binding  to  DR5  promoter  evaluated  by  ChIP 
assay  (Fig.  3C).  Together,  these  results  indicate  that  the 
CHOP  binding  site  is  essential  for  DMC-mediated  transacti¬ 
vation  of  the  DR5  promoter.  To  firmly  prove  that  DMC- 
induced  DR5  expression  is  CHOP-dependent,  we  knocked 
down  CHOP  expression  using  CHOP  siRNA  and  then  exam¬ 
ined  its  impact  on  DMC-induced  DR5  expression.  As  pre¬ 
sented  in  Fig.  3D,  DMC  increased  levels  of  CHOP  in  control 
siRNA-transfected  H460  cells  but  not  in  CHOP  siRNA-trans- 
fected  cells,  indicating  the  successful  blockage  of  CHOP  in¬ 
duction  by  DMC.  Therefore,  DMC  failed  to  increase  DR5 
expression  in  cells  transfected  with  CHOP  siRNA  compared 
with  cells  transfected  with  control  siRNA,  indicating  that 
DR5  induction  by  DMC  is  CHOP-dependent.  Together,  we 
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Fig.  3.  DMC  induces  DR5  expression  (A)  through  a  CHOP-mediated  mechanism  (B-D).  A,  time-dependent  modulatory  effects  of  DMC  on  the 
expression  of  DR5,  DR4,  and  CHOP.  The  given  cell  lines  were  treated  with  25  pM  DMC  for  various  times  from  4  to  16  h  as  indicated  and  then  subjected 
to  the  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis  for  the  given  proteins.  B,  effects  of  DMC  on  the  transactivation 
of  DR5  promoters  with  and  without  wild-type  CHOP  binding  sites.  The  given  reporter  constructs  were  cotransfected  with  pCHllO  plasmid  into  H460 
cells.  After  24  h,  the  cells  were  treated  with  DMSO  or  25  pM  DMC  for  12  h  and  then  subjected  to  luciferase  assay.  Data  are  means  of  triplicate 
determinations.  Bars,  ±  S.D.  C,  DMC  facilitates  CHOP  binding  to  DR5  promoter.  H460  cells  were  treated  with  25  pM  DMC  for  8  h  and  then  subjected 
to  ChIP  assay  for  detecting  CHOP  binding  in  the  DR5  promoter.  The  amplified  DNA  fragment  by  polymerase  chain  reaction  was  111  bp.  Ab,  antibody. 
D,  effect  of  CHOP  knockdown  on  DMC-induced  DR5  expression.  H460  cells  were  transfected  with  control  (Ctrl)  or  CHOP  siRNA.  After  48  h,  the  cells 
were  treated  with  25  pM  DMC  for  12  h  and  then  subjected  to  the  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis. 
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conclude  that  DMC  induces  CHOP-dependent  DR5  expres¬ 
sion  in  human  NSCLC  cells. 

DMC  Down-Regulated  c-FLIP  Levels  through  Ubiq- 
uitin/Proteasome-Mediated  Degradation.  In  addition  to 
DR5  induction,  c-FLIP  down-regulation  is  another  important 
mechanism  underlying  enhancement  of  TRAIL-induced  apo¬ 
ptosis  by  some  anticancer  drugs,  including  celecoxib  (Liu  et 
al.,  2006;  Zou  et  al.,  2007).  Therefore,  we  further  determined 
whether  DMC  also  down-regulates  c-FLIP  levels.  DMC  de¬ 
creased  the  levels  of  both  FLIPl  and  FLIPS  in  H157  and 
H460  cells  at  4  h  after  treatment.  It  is  interesting  that 
prolonged  treatment  with  DMC  generated  cell  line-depen¬ 
dent  results  on  c-FLIP  modulation.  The  decrease  of  c-FLIP 
(FLIPl  and  FLIPS)  by  DMC  was  maintained  for  up  to  16  h  in 
H157  cells.  However,  FLIPl  was  actually  increased  by  DMC 
at  late  times  (e.g.,  12  and  16  h)  in  H460  cells,  although  FLIPS 
was  still  decreased  at  up  to  16  h  (Fig.  4A).  For  a  fixed  16-h 
treatment  experiment,  we  found  that  DMC  at  concentrations 
ranging  from  10  to  30  pM  decreased  levels  of  FLIPl  and 
FLIPS  in  H157  cells;  however,  it  increased  levels  of  FLIPl 
while  still  reducing  the  levels  of  FLIPo  in  H460  cells 
(Fig.  3B). 

Because  c-FLIP  proteins  are  known  to  be  regulated  by 
ubiquitin/proteasome-mediated  degradation  (Kim  et  al., 


2002;  Chang  et  al.,  2006),  we  investigated  whether  the  ob¬ 
served  down-regulation  of  c-FLIP  by  DMC  would  be  medi¬ 
ated  via  this  process.  To  this  end,  we  found  that  DMC- 
induced  down-regulation  of  c-FLIP  was  abrogated  by  the 
presence  of  the  proteasome  inhibitor  MG132  (Fig.  4C),  indi¬ 
cating  that  DMC-induced  c-FLIP  reduction  is  proteasome- 
dependent.  By  immunoprecipitation/W estern  blotting,  we  de¬ 
tected  the  highest  levels  of  ubiquitinated  FLIPl  in  cells 
treated  with  DMC  plus  MG132  compared  with  cells  exposed 
to  DMC  alone  or  MG132  alone  (Fig.  4D),  indicating  that  DMC 
increases  c-FLIP  ubiquitination.  Taken  together,  we  con¬ 
clude  that  DMC  facilitates  ubiquitin/proteasome-mediated 
c-FLIP  degradation,  leading  to  down-regulation  of  c-FLIP  in 
human  NSCLC  cells. 

DMC  Exerted  Minimal  Modulatory  Effects  on  the 
Expression  of  Bax,  Bcl-XL,  Bcl-2,  Bad,  and  Survivin. 

Bcl-2  family  members  such  as  Bax,  Bcl-2,  and  Bcl-XL  and 
inhibitor  of  apoptosis  proteins  such  as  survivin  are  know  to 
be  involved  in  the  regulation  of  the  intrinsic  apoptotic  path¬ 
way  (Hengartner,  2000;  Harada  and  Grant,  2003).  To  further 
understand  the  molecular  mechanism  underlying  DMC  en¬ 
hancement  of  TRAIL-induced  apoptosis,  we  also  analyzed  the 
modulatory  effects  of  DMC  on  Bax,  Bcl-XL,  Bcl-2,  Bad,  and 
survivin  in  H157  and  H460  NSCLC  cell  lines.  Our  results 
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Fig.  4.  DMC  down-regulates  c-FLIP  levels  (A  and  B)  through  ubiquitin/proteasome-mediated  protein  degradation  (C  and  D).  A  and  B,  the  given  cell 
lines  were  treated  with  25  pM  DMC  for  the  indicated  times  (A)  or  with  the  indicated  concentrations  of  DMC  for  16  h  (B).  The  cell  lines  were  then 
subjected  to  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis.  C,  H157  cells  were  pretreated  with  20  pM  MG132  for  30 
min  and  then  cotreated  with  25  pM  DMC  for  another  8  h.  The  cells  were  then  harvested  for  preparation  of  whole-cell  protein  lysates  and  subsequent 
Western  blot  analysis.  D,  H157-FLIPl-21  cells  that  stably  express  ectopic  flag-FLIPL  were  transfected  with  HA-ubiquitin  plasmid  using  FuGENE  6 
transfection  reagent  for  24  h.  The  cells  were  then  pretreated  with  20  pM  MG132  for  30  min  and  then  cotreated  with  25  pM  DMC  for  4  h.  Whole-cell 
protein  lysates  were  then  prepared  for  immunoprecipitation  using  anti-Flag  antibody  followed  by  Western  blotting  (WB)  using  anti-HA  antibody  for 
the  detection  of  ubiquitinated  FLIPl  (Ub-FLIPL)  and  anti-Flag  antibody  for  the  detection  of  ectopic  FLIPl. 
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showed  that  DMC  only  decreased  the  levels  of  survivin  but 
had  minimal  effects  on  the  expression  of  Bax,  Bcl-XL,  Bcl-2, 
and  Bad  (see  Supplemental  Fig.  SI).  The  down-regulation  of 
survivin  by  DMC  in  human  NSCLC  cells  is  in  agreement 
with  the  finding  by  Pyrko  et  al.  (2006)  in  other  types  of  cancer 
cell  lines.  However,  we  found  that  DMC  reduced  the  levels  of 
survivin  in  H460  cells  only  starting  at  8  h,  indicating  that 
survivin  modulation  is  not  as  early  an  event  as  the  modula¬ 
tion  of  DR5  and  c-FLIP  in  DMC-treated  cells. 

DMC  Modulated  DR5  Expression  and  c-FLIP  Levels 
Independently  of  JNK  Activation.  Several  studies  have 
demonstrated  that  JNK  activation  regulates  DR5  expression 
(Higuchi  et  al.,  2004;  Zou  et  al.,  2004).  Recently,  JNK  has 
also  been  demonstrated  to  be  responsible  for  tumor  necrosis 
factor-induced,  ubiquitin/proteasome-mediated  FLIPl  degra¬ 
dation  (Chang  et  al.,  2006).  Therefore,  we  wanted  to  deter¬ 
mine  whether  DMC  induces  JNK  activation  in  human 
NSCLC  cells  and,  if  so,  whether  JNK  activation  is  responsi¬ 
ble  for  DR5  induction  and  c-FLIP  down-regulation  by  DMC. 
By  Western  blot  analysis,  we  detected  that  DMC  increased 
levels  of  phosphorylated  c-Jun  (p-c-Jun),  a  well  known  sub¬ 
strate  and  indicator  of  JNK  activation,  in  a  time-  and  dose- 
dependent  manner  in  H157  cells.  In  parallel,  a  comparatively 
smaller  and  later  increase  of  total  c-Jun  protein  levels  was 
noted  as  well.  However,  such  an  increase  in  p-c-Jun  and 
c-Jun  was  not  detected  in  H460  cells  (Fig.  5,  A  and  B), 
primarily  because  of  the  absence  of  basal  level  c-Jun  expres¬ 
sion.  The  stimulation  of  c-Jun  phosphorylation  in  H157  cells 
occurred  early  at  2  h  and  was  sustained  for  up  to  16  h  after 


DMC  treatment  (Fig.  5A).  Moreover,  p-c-Jun  levels  were 
increased  even  by  5  pM  DMC  (Fig.  5B). 

To  further  address  the  involvement  of  JNK  activation  in 
the  modulation  of  DR5  and  c-FLIP  by  DMC,  we  examined  the 
effects  of  DMC  on  DR5  and  c-FLIP  expression  in  the  presence 
of  the  JNK-specific  inhibitor  SP600125  in  H157  cells. 
SP600125  at  the  concentrations  of  10  to  20  pM  inhibited  the 
phosphorylation  of  c-Jun  (Fig.  5C),  confirming  that 
SP600125  worked  as  expected  in  our  cell  system.  However, 
SP600125  did  not  block  DMC-induced  DR5  up-regulation 
and  did  not  prevent  the  down-regulation  of  c-FLIP  by  DMC 
(Fig.  5C).  Together,  our  results  suggest  that  JNK  does  not 
play  a  significant  role  in  DMC-mediated  modulation  of  either 
DR5  or  c-FLIP  in  human  NSCLC  cells. 

DMC  Enhanced  TRAIL-Induced  Apoptosis  through 
DR5  Induction  and  c-FLIP  Down-Regulation.  It  is  well 
known  that  both  DR5  and  c-FLIP  are  key  components  in  the 
TRAIL/death  receptor-mediated  apoptotic  pathway  (Wang 
and  El-Deiry,  2003;  Kelley  and  Ashkenazi,  2004).  We  wanted 
to  know  whether  DR5  induction  and  c-FLIP  down-regulation 
were  required  for  DMC-mediated  enhancement  of  TRAIL- 
induced  apoptosis.  To  demonstrate  the  involvement  of  DR5 
induction  in  cooperative  augmentation  of  apoptosis  by  the 
combination  of  DMC  and  TRAIL,  we  used  DR5  siRNA  to 
block  DMC-induced  DR5  up-regulation  and  then  examined 
its  impact  on  the  induction  of  apoptosis  by  the  combination  of 
DMC  and  TRAIL.  In  control  siRNA-transfected  H460  cells, 
we  detected  basal  levels  of  DR5,  which  were  increased  by 
DMC  treatment  as  expected.  In  contrast,  in  DR5  siRNA- 
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Fig.  5.  Effects  of  DMC  on  JNK 
activation  (A  and  B)  by  DMC  in 
human  NSCLC  cells  and  the 
impact  of  JNK  activation  on 
DMC-induced  DR5  expression 
and  c-FLIP  down-regulation 
(C).  A  and  B,  the  indicated  cell 
lines  were  treated  with  25  pM 
DMC  for  the  given  times  (A)  or 
the  indicated  concentrations  of 
DMC  for  16  h  (B).  C,  H157  cells 
were  treated  with  25  pM  DMC 
alone,  DMC  plus  the  indicated 
concentrations  of  SP600125, 
and  SP600125  alone  for  8  h  (B). 
Whole-cell  protein  lysates  were 
then  prepared  from  the  afore¬ 
mentioned  treatments  for  de¬ 
tection  of  the  indicated  pro¬ 
teins  by  Western  blot  analysis. 
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transfected  cells,  the  basal  levels  of  DR5  were  substantially 
reduced  and  were  not  induced  upon  treatment  with  DMC 
(Fig.  6A).  These  results  clearly  indicate  the  successful  knock¬ 
down  of  DR5  expression  and  blockade  of  DR5  induction.  As  a 
result,  we  detected  cooperative  induction  of  apoptosis  by  the 
combination  of  DMC  and  TRAIL  in  control  siRNA-trans- 
fected  cells  but  not  in  DR5  siRNA-transfected  cells  (Fig.  6B), 
indicating  that  DR5  up-regulation  is  required  for  the  en¬ 
hancement  of  TRAIL-induced  apoptosis  by  DMC. 

To  determine  the  involvement  of  c-FLIP  down-regulation 
in  the  induction  of  apoptosis  by  the  DMC  and  TRAIL  combi¬ 
nation,  we  used  a  lentiviral  expression  system  to  enforce 
c-FLIP  overexpression  in  NSCLC  cells  and  then  analyzed  its 
effect  on  induction  of  apoptosis  by  the  DMC  and  TRAIL 
combination.  Taking  advantage  of  a  lentiviral  expression 
system  that  achieves  stable  gene  expression,  we  established 
H157  cell  lines  that  stably  expressed  high  levels  of  ectopic 
FLIPl  (i.e.,  H157-FLIPl-5  and  H157-FLIPl-21).  As  controls, 
we  also  used  H  157-Lac  Z-5,  which  expressed  irrelevant  Lac  Z 
protein  and  H157-FLIPl-16,  which  did  not  express  ectopic 
FLIPl  albeit  being  infected  with  lentiviral  FLIPl  (Fig.  7A). 
Treatment  of  H157-Lac  Z-5  and  H157-FLIPl-16  with  TRAIL, 
a  death  ligand  known  to  activate  the  extrinsic  death  recep¬ 
tor-mediated  apoptotic  pathway,  induced  substantial  cleav¬ 
age  of  caspase-8,  caspase-3,  and  PARP;  however,  these  effects 
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Fig.  6.  Blockage  of  DR5  induction  (A)  attenuates  the  induction  of  apo¬ 
ptosis  by  DMC  and  TRAIL  combination  (B).  H460  cells  were  cultured  in 
a  six-well  plate  and  the  next  day  were  transfected  with  control  (Ctrl)  or 
DR5  siRNA.  Forty-eight  hours  after  transfection,  cells  were  treated  with 
25  pM  DMC  alone  or  DMC  plus  10  ng/ml  for  8  h  and  then  subjected  to 
preparation  of  whole-cell  lysates  for  Western  blot  analysis  (A)  or  har¬ 
vested  for  detection  of  apoptosis  by  Annexin  V  staining  (B).  In  Annexin  V 
assay,  the  percentage  of  positive  cells  in  the  upper  right  and  lower  right 
quadrants  were  added  to  yield  the  total  of  apoptotic  cells. 


were  only  minimally  observed  in  H157-FLIPl-5  and  H157- 
FLIPl-21  cells  (Fig.  7A).  Thus,  enforced  expression  of  ectopic 
FLIPl  indeed  confers  cell  resistance  to  TRAIL-induced 
apoptosis. 

By  measuring  cell  survival,  we  found  that  the  combination 
of  DMC  and  TRAIL  very  effectively  decreased  cell  survival  in 
H157-Lac  Z-5  and  H157-FLIPl-16  cell  lines  but  had  only  a 
weak  effect  in  H157-FLIPl-5  and  H157-FLIPl-21  cells  (Fig. 
7B),  indicating  that  enforced  overexpression  of  ectopic  FLIPl 
confers  cell  resistance  to  the  combination  of  DMC  and 
TRAIL.  By  directly  measuring  apoptosis  using  annexin  V 
staining  after  combination  drug  treatment,  we  detected 
much  less  apoptotic  cell  death  in  H157-FLIPl-5  or  H157- 
FLIPl-21  cell  lines  than  in  H157-Lac  Z-5  and  H157-FLIPl-16 
control  cell  lines.  Specifically,  the  combination  of  DMC  and 
TRAIL  caused  50%  apoptosis  in  H157-Lac  Z-5  cells  and  97% 
apoptosis  in  H157-FLIPl-16  control  cells  but  only  34%  apo¬ 
ptosis  in  H157-FLIPl-5  and  11%  apoptosis  in  H157-FLIPl-21 
cells  (Fig.  7C).  Thus,  these  results  collectively  show  that 
down-regulation  of  c-FLIP  contributes  to  DMC-mediated  en¬ 
hancement  of  TRAIL-induced  apoptosis. 


Discussion 

In  the  present  study,  we  demonstrated  that  DMC  is  more 
active  than  its  parental  compound  celecoxib  in  decreasing  the 
survival  and  inducing  apoptosis  of  human  NSCLC  cells  and 
that  DMC  sensitizes  human  NSCLC  cells  to  TRAIL-induced 
apoptosis.  Given  that  TRAIL  is  a  potential  cancer  therapeu¬ 
tic  protein  and  is  being  tested  in  phase  I  clinical  trials,  our 
finding  on  the  enhancement  of  TRAIL-induced  apoptosis  by 
DMC  is  of  clinical  significance  in  terms  of  its  potential  appli¬ 
cation  in  combination  with  TRAIL  in  cancer  treatment.  Our 
previous  work  has  shown  that  celecoxib  enhances  TRAIL- 
induced  apoptosis  in  human  NSCLC  cells  (Liu  et  al.,  2004b). 
Thus,  our  current  finding  implies  that  DMC,  which  lacks 
COX-2  inhibitory  activity,  retains  celecoxib’s  ability  to  en¬ 
hance  TRAIL-induced  apoptosis  and  thereby  indicates  that 
the  inhibition  of  COX-2  is  not  involved  in  these  processes. 

It  is  generally  recognized  that  both  the  death  receptor- 
mediated  extrinsic  and  the  mitochondrial  intrinsic  apoptotic 
pathways,  respectively,  are  regulated  by  multiple  proteins; 
the  former  involves  proteins  like  DR5,  DR4,  and  c-FLIP,  and 
the  latter  includes  Bcl-2  family  members  such  as  Bax,  Bcl-2, 
Bcl-XL,  and  inhibitor  of  apoptosis  proteins  such  as  survivin 
(Hengartner,  2000;  Harada  and  Grant,  2003).  Our  results 
showed  that  DMC  only  decreased  the  levels  of  survivin  but 
had  minimal  effect  on  the  expression  of  Bax,  Bcl-XL,  Bcl-2, 
and  Bad  (Supplemental  Fig.  SI).  We  noted  that  DMC  also 
induced  DR4  expression;  however,  this  effect  is  cell  line- 
dependent  because  DMC  induced  DR4  in  H157  cells  but  not 
in  H460  cells.  Given  the  important  roles  of  DR5  and  c-FLIP 
in  the  regulation  of  the  TRAIL-mediated  extrinsic  apoptotic 
pathway,  and  considering  that  both  proteins  are  quickly  and 
strongly  modulated  by  DMC  in  all  tested  NSCLC  cell  lines, 
we  believe  that  DR5  induction  and  c-FLIP  down-regulation 
are  two  major  key  events  that  mediate  cooperative  induction 
of  apoptosis  by  the  combination  of  DMC  and  TRAIL.  This 
view  is  further  supported  by  our  findings  that  blockade  of 
DR5  induction  by  knocking  down  DR5  expression  using  DR5 
siRNA  or  enforced  overexpression  of  ectopic  c-FLIP  confers 
cell  resistance  to  induction  of  apoptosis  by  the  combination  of 
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DMC  and  TRAIL.  In  this  study,  we  do  not  exclude  the  pos¬ 
sibility  that  DR4  and  survivin  modulation  also  contribute  to 
DMC-mediated  enhancement  of  TRAIL-induced  apoptosis  in 
certain  cell  lines  (e.g.,  H157). 

Our  study  further  demonstrates  that  DMC  down-regulates 
c-FLIP  levels  by  facilitating  ubiquitin/proteasome-mediated 
degradation  of  c-FLIP.  This  is  evidenced  by  the  prevention  of 


DMC-induced  c-FLIP  reduction  using  the  proteasome  inhib¬ 
itor  MG132  and  by  increased  levels  of  ubiquitinated  c-FLIP, 
which  are  detected  in  cells  cotreated  with  MG132  and  DMC 
using  immunoprecipitation/Western  blotting  (Fig.  4).  This 
mechanism  is  consistent  with  the  one  by  which  celecoxib 
decreases  c-FLIP  levels,  as  we  have  demonstrated  previously 
(Liu  et  al.,  2006),  furthering  the  notion  that  DMC  retains 
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Fig.  7.  Enforced  expression  of  ectopic  FLIPl  confers  resistance  to  induction  of  apoptosis  by  TRAIL  (A)  or  the  combination  of  DMC  and  TRAIL  (B  and 
C).  A,  the  indicated  transfectants  were  exposed  to  20  ng/ml  TRAIL.  After  4  h,  the  cells  were  harvested  and  subjected  to  preparation  of  whole-cell  lysates 
for  the  detection  of  exogenous  (Exo.)  FLIPl  and  caspase  cleavage  by  Western  blot  analysis.  B,  the  indicated  transfectants  were  seeded  in  96-well  plates 
and  treated  with  the  indicated  concentrations  of  DMC  combined  with  10  ng/ml  TRAIL.  After  24  h,  the  cells  were  subjected  to  the  SRB  assay  for 
measurement  of  cell  survival.  Data  are  means  of  four  replicate  determinations.  Bars,  ±  S.D.  C,  the  indicated  transfectants  were  treated  with  DMSO 
and  25  pM  DMC  plus  10  ng/ml  TRAIL  for  24  h  and  then  subjected  to  detection  of  apoptosis  by  Annexin  V  staining.  In  Annexin  V  assay,  the  percentage 
of  positive  cells  in  the  upper  right  and  lower  right  quadrants  were  added  to  yield  the  total  of  apoptotic  cells. 
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some  major  biological  activities  similar  to  celecoxib,  even  at 
molecular  levels.  A  recent  study  has  shown  that  JNK  activa¬ 
tion  is  involved  in  regulating  ubiquitin/proteasome-depen- 
dent  degradation  of  FLIPl  (Chang  et  al.,  2006).  In  our  study, 
however,  we  did  not  detect  a  role  of  JNK  in  mediating  DMC- 
induced  c-FLIP  degradation,  and  this  conclusion  is  based  on 
the  following  observations.  First,  DMC  decreases  both  forms 
of  c-FLIP  (i.e.,  FLIPl  and  FLIPS),  whereas  JNK  regulates  the 
degradation  of  only  FLIPl  (Chang  et  al.,  2006).  Second,  DMC 
increases  JNK  activation  in  one  cell  line  (i.e.,  H157)  but  not 
in  another  cell  line  (i.e.,  H460),  in  which  c-FLIP  was  still 
down-regulated.  Third,  the  JNK  inhibitor  SP600125  inhib¬ 
ited  DMC-induced  JNK  activation  but  at  the  same  time 
failed  to  prevent  DMC-induced  down-regulation  of  c-FLIP.  It 
therefore  seems  that  JNK  does  not  play  a  major  role  in  these 
DMC-induced  processes. 

We  noted  that  FLIPl  levels  were  decreased  by  DMC  at 
early  times  (e.g.,  4  and  8  h)  and  then  increased  after  pro¬ 
longed  treatment  (e.g.,  12  and  16  h),  whereas  FLIPS  levels 
were  still  reduced  in  H460  cells  (Fig.  4A).  The  mechanism 
and  biological  significance  of  DMC-induced  later  increase  in 
FLIPl  are  currently  unclear.  It  is  possible  that  the  later 
increase  in  FLIPl  may  represent  a  survival  mechanism  for 
cells  trying  to  escape  DMC-induced  cell  death.  Although  DR5 
can  be  induced  through  a  JNK-dependent  mechanism,  as 
demonstrated  in  some  studies  (Higuchi  et  al.,  2004;  Zou  et 
al.,  2004),  our  results  demonstrate  that  DMC  induces  DR5 
expression  in  NSCLC  cells  independently  of  JNK  activation 
because  DMC  did  not  induce  JNK  activation  in  H460  cells  in 
which  DR5  was  induced  and  DMC  could  still  induce  DR5 
expression  in  the  presence  of  the  JNK  inhibitor  SP600125  in 
HI 57  cells  in  which  JNK  was  activated  (Fig.  5). 

DR5  is  known  to  be  regulated  by  p53  (Wu  et  al.,  1997), 
nuclear  factor-/<B  (Shetty  et  al.,  2005),  and  CHOP  (Yamagu- 
chi  and  Wang,  2004;  Yoshida  et  al.,  2005).  Because  DMC 
induced  DR5  expression  in  H157  cells  carrying  mutant  p53, 
it  is  likely  that  DMC  induced  a  p53-independent  DR5  expres¬ 
sion.  In  an  effort  to  reveal  the  mechanism  by  which  DMC 
induces  DR5  expression,  we  found  that  CHOP  was  induced 
by  DMC  and  accompanied  with  DR5  up-regulation.  By  ana¬ 
lyzing  the  DR5  promoter,  we  found  that  the  presence  of  the 
CHOP  binding  site  is  required  for  transactivation  of  the  DR5 
promoter  by  DMC.  ChIP  assay  demonstrated  that  DMC  also 
enhanced  the  binding  of  CHOP  to  DR5  promoter.  Moreover, 
blockade  of  CHOP  induction  by  silencing  CHOP  expression 
with  CHOP  siRNA  abolished  DMC’s  ability  to  induce  DR5 
expression.  Thus,  we  conclude  that  DMC  induces  a  CHOP- 
dependent  DR5  up-regulation.  Because  CHOP  is  a  typical 
protein  associated  with  endoplasmic  reticulum  (ER)  stress- 
induced  apoptosis  (Oyadomari  and  Mori,  2004),  it  is  possible 
that  DMC-induced  up-regulation  of  CHOP  and  DR5  is  caused 
by  ER  stress.  Indeed,  a  recent  study  has  demonstrated  that 
DMC  indeed  induces  ER  stress  of  cancer  cells  in  both  cell 
culture  and  xenograft  models  in  vivo,  including  CHOP  up- 
regulation  (Pyrko  et  al.,  2007).  Future  studies  need  to  dem¬ 
onstrate  how  DMC  increases  CHOP  expression  and  whether 
nuclear  factor- kB  is  activated  and  involved  in  DMC-induced 
DR5  expression. 

It  has  been  documented  in  the  literature  that  activation  of 
the  TRAIL  apoptotic  pathway  such  as  up-regulation  of  DR5 
contributes  to  the  induction  of  apoptosis  by  certain  antican¬ 
cer  agents,  including  celecoxib  (Huang  et  al.,  2001;  LaVallee 


et  al.,  2003;  Wagner  et  al.,  2003;  Liu  et  al.,  2004b;  Kabore  et 
al.,  2006).  The  current  work  does  not  address  whether  DR5 
up-regulation  participated  in  the  induction  of  apoptosis  by 
DMC  only,  although  we  assume  that  it  may  contribute  to 
DMC-induced  apoptosis  because  celecoxib  induces  apoptosis 
requiring  DR5  up-regulation.  The  ongoing  work  is  to  test 
whether  DR5  induction  is  indeed  involved  in  DMC-induced 
apoptosis. 

In  summary,  the  present  study  has  shown  for  the  first  time 
that  DMC,  a  celecoxib  derivative  lacking  COX-2  inhibitory 
activity,  induces  CHOP-mediated  DR5  up-regulation  and 
ubiquitin/proteasome-mediated  down-regulation  of  c-FLIP, 
leading  to  the  enhancement  of  TRAIL-induced  apoptosis  in 
human  NSCLC  cells.  Our  results  clearly  indicate  that  DMC 
possesses  more  potent  anticancer  activity  than  celecoxib,  al¬ 
though  the  underlying  mechanisms  seem  to  be  quite  similar. 
Given  the  concern  over  cardiovascular  side  effects  of  cele¬ 
coxib,  which  is  associated  with  its  anti-COX-2  activity  and  is 
also  noted  with  other  COX-2  inhibitors  (Dogne  et  al.,  2006; 
Marwali  and  Mehta,  2006),  DMC  might  be  a  better  candidate 
or  alternative  to  celecoxib  for  cancer  chemoprevention  and 
therapy. 
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Previous  studies  suggest  that  p -tubulin  isotype  protein  levels  could  be  useful  as 
indicators  of  nonsmall  cell  lung  cancer  (NSCLC)  aggressiveness.  However,  mea¬ 
surement  of  protein  amounts  in  tissue  samples  by  staining  techniques  is  semiquan- 
titative  at  best.  Since  technologies  for  measuring  mRNA  levels  have  become 
more  efficient  and  quantitative,  we  wanted  to  determine  whether  P-tubulin  mes¬ 
sage  levels  may  be  useful  as  biomarkers.  Quantitative  real-time  RT-PCR  was 
used  to  measure  the  seven  classes  of  P-tubulin  isotypes,  stathmin  and  MAP4 
mRNA  levels  in  64  NSCLC  and  12  normal  lung  tissue  samples.  We  found  signifi¬ 
cantly  higher  fractions  of  P-tubulin  classes  II  and  V  mRNA  compared  to  the  other 
isotypes  in  all  lung  tumor  samples  (P  <  0.05).  In  addition,  the  ratio  of  P-tubulin 
classes  II/V  mRNA  was  significantly  higher  in  NSCLCs  compared  to  normal  lung 
tissues  (P  <  0.001).  The  data  suggest  that  the  ratio  of  P-tubulin  classes  II  and  V 
mRNA  could  be  useful  as  a  biomarker  for  NSCLC  tumor  differentiation  and/or 
NSCLC  aggressiveness.  Furthermore,  the  ratio  of  MAP4  to  stathmin  mRNA  was 
found  to  be  higher  in  diseased  lung  tissues  compared  to  normal  lung  tissues,  sug¬ 
gesting  this  ratio  might  also  be  used  as  a  clinically  relevant  biomarker  for 
NSCLCs.  Cell  Motil.  Cytoskeleton  65:  675-685,  2008.  ©  2008  Wiley-Liss,  Inc. 
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INTRODUCTION 

Lung  cancer  is  the  leading  cause  of  cancer  deaths 
in  the  United  States  [Seer  Incidence  and  US  Mortality 
Statistics,  1975-2004  http://seer.cancer.gov/canques]. 
Lung  tumor  heterogeneity  hinders  efforts  to  determine 
prognosis  and  select  appropriate  treatment  regimens. 
Unfortunately,  there  are  currently  no  consistently  reli¬ 
able  biomarkers  that  can  be  used  as  prognostic  indica¬ 
tors  [Brundage  et  al.,  2002].  Typically,  lung  tumors  are 
classified  into  two  major  categories  based  on  morphol¬ 
ogy  and  behavior:  small  cell  lung  cancer  (SCLC)  and 
nonsmall  cell  lung  cancer  (NSCLC).  Small  cell  lung 
cancers  (SCLCs)  are  generally  more  aggressive  than 
NSCLCs  and  often  display  a  neuroendocrine  phenotype 
[Zochbauer-Muller  et  al.,  2002].  The  NSCLCs  are  a 
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diverse  class  of  tumors  (squamous  cell,  adenocarcino¬ 
mas  and  large  cell  undifferentiated)  with  some  aggres¬ 
sive  subsets  characterized  by  neuroendocrine  features. 
Neuroendocrine  features  can  be  identified  by  tissue 
staining  using  specific  markers  such  as  neuron- specific 
enolase,  chromogranin  A,  synaptophysin  and  neurofila¬ 
ment  protein.  Although  these  markers  are  used  to  iden¬ 
tify  potentially  aggressive  tumors,  they  can  not  discrimi¬ 
nate  between  high  and  low  grade  neuroendocrine 
tumors.  In  addition  for  NSCLCs  there  are  no  specific 
and  reliable  markers  for  more  aggressive  and  poorly  dif¬ 
ferentiated  squamous  cell  carcinomas  or  adenocarcino¬ 
mas  that  lack  the  neuroendocrine  phenotype.  Thus,  bio¬ 
markers  for  aggressive  tumors  are  clearly  needed. 

In  a  study  of  88  primary  and  metastatic  lung 
tumors  using  immunohistochemical  staining,  (3-tubulin 
class  III  protein  was  identified  as  a  biomarker  for  high 
grade  aggressive  tumors  (small  cell  lung  carcinomas, 
adenocarcinomas  and  neuroendocrine  type  large  cell 
carcinomas)  [Katsetos  et  al.,  2000].  This  tubulin  isotype 
was  not  found  in  non-neoplastic  lung  biopsies,  pneumo¬ 
nectomy,  lobectomy  or  transbronchial  biopsy  specimens. 
It  also  was  absent  from  airway  mucosa,  submucosal 
glands,  myoepithelial  cells,  alveolar  pneumocytes  and 
macrophages,  hyaline  cartilage,  fibroblasts,  endothelial 
cells,  smooth  muscle  cells,  pericytes  and  lymphoid  cells. 
In  contrast,  high  levels  of  (3-tubulin  class  III  staining 
were  found  in  all  the  small  cell  lung  carcinomas 
(SCLCs)  examined  and  in  large  cell  neuroendocrine 
lung  tumors.  Lower  levels  of  (3 -tubulin  class  III  were 
found  in  NSCLC  adenocarcinomas  and  staining  was 
absent  from  squamous  cell  lung  carcinomas  (SQCC), 
suggesting  that  this  biomarker  might  be  useful  for  distin¬ 
guishing  SCLC  and  SQCC.  This  work  suggested  that  13- 
tubulin  class  III  may  be  a  biomarker  for  aggressive 
NSCLCs;  although  other  tubulin  isotype  distributions 
were  not  measured.  The  TUJ1  monoclonal  antibody  for 
(3-tubulin  class  III  used  by  Katsetos  et  al.  [2000]  is  one 
of  the  most  stable  and  specific  tubulin  antibodies  com¬ 
mercially  available.  There  are  no  commercially  avail¬ 
able  monoclonal  antibodies  for  (3-tubulin  classes  V  and 
VI  or  that  differentiate  (3-tubulin  classes  IVa  from  IVb. 
Therefore  studies  comparing  all  of  the  |3 -tubulin  iso¬ 
types  found  in  normal  lung  tissue  or  lung  tumors  by  im- 
munostaining  are  not  currently  feasible. 

A  more  recent  clinical  investigation  of  biomarkers, 
including  tubulin  isotypes,  distinguished  those  that  pre¬ 
dict  prognosis  for  patients  with  NSCLCs  from  those  that 
predict  drug  response.  In  a  study  of  91  NSCLCs,  low 
levels  of  (3-tubulin  class  III  protein  measured  by  immu- 
nostaining  correlated  with  a  better  response  to  paclitaxel, 
an  antimitotic  agent  often  used  to  treat  advanced  stage 
NSCLCs  [Seve  et  al.,  2005].  Only  (3-tubulin  classes  I,  II 
and  III  were  evaluated.  In  contrast  to  Katsetos  et  al. 


[2000],  the  (3-tubulin  class  III  protein  level  was  not 
found  to  be  a  prognostic  indicator  for  patients  who  had 
not  received  paclitaxel. 

In  addition  to  |3 -tubulin  isotype  amounts,  altered  lev¬ 
els  of  proteins  that  interact  with  tubulin  or  microtubules, 
such  as  stathmin  or  MAP4,  could  affect  tumor  response  to 
antimitotics  such  as  paclitaxel.  Stathmin  belongs  to  a  fam¬ 
ily  of  proteins  that  destabilize  microtubules  in  mitotic 
spindles.  During  interphase,  stathmin  regulates  microtu¬ 
bule  depolymerization.  High  levels  of  stathmin  have  been 
found  in  many  tumors,  and  it  has  been  proposed  that  the 
effect  of  stathmin  is  to  increase  the  proliferative  activity  of 
tissues  [Mistry  and  Atweh,  2002].  MAP4  is  a  microtubule- 
associated  protein  expressed  constitutively  and  known  to 
stabilize  microtubules.  Decreased  levels  of  MAP4  are 
associated  with  decreased  sensitivity  to  paclitaxel  and 
increased  sensitivity  to  other  antimitotics  such  as  vinblas¬ 
tine  [Wahl  et  al,  1996;  Zhang  et  al.,  1999].  Measurement 
of  the  expression  of  mRNA  for  proteins  that  interact  with 
tubulin  and  microtubules  (e.g.,  stathmin  and  MAP4)  could 
lead  to  the  identification  of  biomarker  patterns  useful  as 
indicators  of  tumor  response  to  chemotherapy. 

The  study  presented  here  is  the  first  quantitiative 
comparison  of  mRNA  levels  for  all  seven  (3-tubulin  iso¬ 
types,  stathmin  and  MAP4  in  NSCLCs.  This  work 
included  64  NSCLC  samples  and  12  normal  lung  sam¬ 
ples  in  an  attempt  to  describe  patterns  of  mRNA  |3 -tubu¬ 
lin  isotypes  or  microtubule-associated  proteins  that 
might  serve  as  biomarkers  for  tumor  differentiation  and/ 
or  aggressiveness. 

MATERIALS  AND  METHODS 
Collection  of  Lung  Tissues 

Lung  tissue  samples  and  pathology  reports  for  each 
tissue  were  obtained  from  the  Cooperative  Human  Tis¬ 
sue  Network  (CHTN,  National  Cancer  Institute).  Sixty- 
four  (64)  primary  nonsmall  cell  lung  tumor  samples  and 
12  “normal”  lung  tissue  samples  were  collected  prior  to 
drug  treatment  and  quick- frozen  in  liquid  nitrogen  within 
1  h  of  surgical  removal.  Normal  tissues  were  collected 
from  a  section  of  the  lung  at  a  distance  from  the  primary 
tumor  at  the  same  time  as  surgical  resection  of  the  pri¬ 
mary  tumor.  The  absence  of  tumor  cells  in  these  normal 
samples  was  verified  by  histopathological  examination. 
The  normal  lung  tissues  were  from  a  subset  of  the  64 
patients  with  primary  tumors.  Table  I  describes  the  sam¬ 
ples  included  in  this  study  as  well  as  the  manner  in 
which  these  samples  were  subdivided  for  analysis. 

Sample  Preparation 

Tissues  were  homogenized  in  a  dounce  homoge- 
nizer  on  ice  in  1  ml  of  lysis  buffer  (25  mM  MES,  1  mM 
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TABLE  I.  NSCLC  and  Normal  Lung  Tissue  Samples 


aBM 

Race 

WM 

NSCLC  samples 

Number  of  samples 

20 

44 

Age  range 

43-79 

40-85 

Tissue  differentiation 

Poorly  differentiated 

9 

19 

Moderately  differentiated 

4 

15 

Well  differentiated 

3 

4 

Not  determined 

5 

5 

Histological  classification 

Squamous  cell  carcinoma 

8 

18 

Adenocarcinoma 

6 

10 

Large  cell  carcinoma  with 

1 

3 

neuroendocrine  features 

Various 

5 

13 

Normal  lung  tissues 

Number  of  samples 

2 

10 

Age  range 

75-76 

40-82 

aBM,  African  American  males;  WM,  White  males. 


MgS04,  2  mM  EGTA,  0.1  mM  GTP,  0.1%  Triton  X-100 
with  a  protease  inhibitor  cocktail  [Complete  Protease  In¬ 
hibitor  Tablets,  Roche,  Indianapolis,  IN]).  100  pi  of  tis¬ 
sue  homogenate  were  processed  for  total  RNA  extraction 
using  the  TRIzol  reagent  (Invitrogen,  Carlsbad,  CA)  and 
the  RNeasy  kit  (Qiagen,  Valencia,  CA)  to  obtain  total 
RNA  for  qRT-PCR  experiments.  After  DNase  treatment 
of  the  total  RNA,  poly  dT  was  used  in  reverse  treanscrip- 
tion  reactions  to  generate  cDNA.  The  concentration  of 
total  RNA  for  each  sample  was  determined  by  A26o 
measurements.  The  remainder  of  the  tissue  homogenate 
was  made  1:1  with  SDS  sample  buffer  and  frozen  for 
Western  blotting. 

Quantitative  Real  Time  Reverse  Transcriptase 
Polymerase  Chain  Reaction  (qRT-PCR) 

Primers  were  designed  for  each  P -tubulin  isotype 
(classes  I,  II,  III,  IVa,  IVb,  V  and  VI)  [Dozier  et  al., 
2003;  Hiser  et  al,  2006]  and  for  MAP4  and  stathmin 
(Table  II).  Although  |3-tubulin  isotype  class  II  is  consid¬ 
ered  a  single  isotype  class  based  upon  the  carboxyl  ter¬ 
minal  protein  sequence,  there  are  two  genes  for  this  iso¬ 
type  (NIH  Genbank  map  elements:  TUBB2A; 
NM_001069  and  TUBB2B;  NM_178012.3).  The  primers 
used  in  this  study  recognize  the  gene  product  for 
TUBB2B.  Two-step  qRT-PCR  was  used  to  measure  the 
amount  of  mRNA  for  each  |3 -tubulin  isotype  using  proto¬ 
cols  described  previously  [Dozier  et  al.,  2003;  Hiser 
et  al.,  2006].  To  obtain  the  control  cDNA  template  of  a 
known  quantity  for  the  generation  of  standard  curves, 
product  from  PCR  reactions  was  isolated  from  agarose 


TABLE  II.  Primers  for  qRT-PCR  (MAP4  and  Stathmin) 

Human  stathmin 

Forward  primer:  5'  -  GGT  GGC  GGC  AGG  ACT  TTC  CTT 
ATC  CCA  GTT  GAT  T  -  3'  (34  bp) 

Reverse  primer:  5'  -  TTC  TCG  TGC  TCT  CGT  TTC  TCA  GCC 
AGC  TGC  TTC  -  3'  (33  bp) 

Human  MAP4 

Forward  primer:  5'  -  CCC  TTT  CTG  AGG  TAG  CAG  TGC  CTT 
GTG  GAG  GT  -  3'  (32  bp) 

Reverse  primer:  5'  -  CTG  GCT  CCC  TCA  TGT  TCT  TGG  CAC 
AGC  AGA  -  3'  (30  bp) 


gels  with  the  CONCERT™  Rapid  Gel  Extraction  kit 
(Marligen  Biosciences,  Inc.,  Ijamsville,  MD).  The  use  of 
a  standard  curve  eliminates  the  need  to  correct  for  primer 
efficiencies.  The  concentration  of  purified  cDNA  was 
determined  by  analyzing  serial  dilutions  using  a  bioana¬ 
lyzer  (Agilent  Technologies,  Inc.,  Santa  Clara,  CA).  For 
the  standard  curve,  10-fold  serial  dilutions  are  done  to 
obtain  a  minimum  of  five  samples  and  these  are  plated  in 
triplicate.  Each  experiment  included  unknown  samples 
in  triplicate  run  together  with  the  standard  curve  and  a 
quality  control  sample.  We  used  SYBR  Green  I  (Invi¬ 
trogen,  Carlsbad,  CA)  as  the  detection  method.  Experi¬ 
ments  were  repeated  at  least  twice.  The  data  were  nor¬ 
malized  as  the  |3 -tubulin  isotype  mRNA  copy  number  in 
the  unknown  sample  to  1  pg  of  total  RNA.  The  percent¬ 
age  of  each  |3-tubulin  isotype  was  determined  by  totaling 
the  mRNA  copy  number/pg  of  total  RNA  for  all  isotypes 
in  a  sample  and  then  dividing  the  copy  number/pg  total 
RNA  for  each  isotype  by  the  total.  The  ratios  of  copy 
mumbers/pg  of  total  RNA  or  ratios  of  percentages  there¬ 
fore  are  identical. 


Western  Blotting 

Western  blots  were  used  to  evaluate  the  presence 
of  |3 -tubulin  isotype  classes  II,  III  and  V  proteins.  The 
antibodies  used  in  this  study  were  mouse  monoclonal 
7B9  anti- 13 -tubulin  class  II,  monoclonal  TUJ1  anti-|3- 
tubulin  class  III  and  rabbit  polyclonal  anti- 13 -tubulin 
class  V.  TUJ1  and  7B9  antibodies  have  been  previously 
characterized  [Lee  et  al.,  1990;  Lobert  et  al.,  1998].  The 
anti- 13 -tubulin  class  V  polyclonal  antibody  was  charac¬ 
terized  in  this  study  using  maltose  binding  protein 
(MBP)  |3 -tubulin  fusion  proteins  as  described  in  Hiser 
et  al.  [2006].  Fusion  proteins  and  dot  blots  were  used  to 
determine  the  specificity  and  optimal  solution  conditions 
for  the  anti- 13 -tubulin  class  V  antibody.  Tissue  samples 
expressing  high  and  low  mRNA  levels  of  P -tubulin 
classes  II  and  V  were  chosen  for  Western  blotting.  Im- 
munoblotting  with  anti-actin  mouse  monoclonal  anti¬ 
body  (Chemicon  International,  Inc.,  Temecula,  CA)  was 
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Fig.  1.  Fraction  of  p-tubulin  isotypes  in  NSCLC  tissues.  The  aver¬ 
age  p -tubulin  isotype  fractions  from  all  64  NSCLC  samples  are 
shown.  The  sum  of  the  values  for  all  seven  p -tubulin  isotype  classes 
was  considered  as  the  total  tubulin  for  the  mRNA  percentage  (frac¬ 
tion)  calculations.  Each  bar  of  the  graph  represent  the  average  of  the 
percentage  of  each  isotype.  Error  bars  represents  the  standard  error  of 
the  mean.  p-Tubulin  classes  II  and  V  differ  significantly  from  p-tubu- 
lin  classes  I,  III,  IVa,  IVb  and  VI  at  P  <  0.05. 


used  to  establish  that  the  total  protein  loaded  in  each 
lane  was  comparable. 

Statistical  Analysis 

For  statistical  comparisons  of  mRNA  amounts  in 
tissue  samples,  Student’s  t  test  or  one-way  ANOVA  with 
Tukey’s  Multiple  Comparison  post  test  was  performed 
using  GraphPad  Prism  version  5.00  for  Windows 
(GraphPad  Software,  San  Diego,  CA). 

RESULTS 

p-Tubulin  Classes  II  and  V  mRNA  Predominate 
in  NSCLC  Tissues 

The  amounts  of  P-tubulin  isotype  mRNA  classes  I, 
II,  III,  IVa,  IVb,  V,  and  VI  were  measured  by  qRT-PCR. 
This  is  the  first  quantitative  comparison  of  mRNA  for  all 
seven  (3-tubulin  isotypes  in  NSCLCs.  The  sum  of  the 
mRNA  amounts  for  all  seven  isotypes  was  considered  to 
be  the  total  tubulin  for  each  sample,  and  the  percentage 
(fraction)  of  each  isotype  was  calculated  (Fig.  1).  Data 
analysis  by  one-way  ANOVA  demonstrated  that  the 
fractions  of  (3-tubulin  classes  II  and  V  were  significantly 
higher  than  the  other  |3 -tubulin  isotypes  in  diseased 
tissues  at  P  <  0.05.  Together  they  comprise  over  65%  of 
all  (3-tubulin  mRNA  in  NSCLC  tissues.  When  these  data 
were  compared  with  |3 -tubulin  isotype  fractions  in  a 
small  sample  of  normal  lung  tissues  ( n  =  12),  interesting 
differences  were  noted.  We  found  that  normal  lung  tis¬ 
sues  had  on  average  about  3 -fold  fewer  copies  of  total  (3- 
tubulin  mRNA/pg  of  total  RNA  compared  to  diseased 
lung  tissue.  For  paired  normal  and  tumor  lung  tissues, 
we  found  the  mean  copies  of  |3 -tubulin  mRNA/pg  of 
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Fig.  2.  Fraction  of  p-tubulin  isotypes  in  NSCLCs  grouped  by  level 
of  differentiation.  The  bar  graphs  represent  the  averages  and  error  bars 
represent  the  standard  error  of  the  mean.  The  numbers  of  samples  in 
each  group  were:  poorly  differentiated  n  =  28,  moderately  differenti¬ 
ated  n  =  19  and  well  differentiated  n  =  7. 

total  RNA  for  normal  samples  was  3.0  (±2.3)  X  105  and 
for  tumors  from  the  same  patient  1.0  (±0.003)  X  106 
[ah  tumors  3.3  (±0.05)  X  106].  The  (3-tubulin  isotype 
class  distribution  in  normal  lung  tissues  was  as  follows: 
PI  6%  ±  0.4%  (311  2.5%  ±  0.2%,  pill  36%  ±  2%,  piVb 
8%  ±  0.8%,  PV  13%  ±  1%,  PVI  34.5%  ±  2%.  The  nor¬ 
mal  lung  tissues  did  not  have  measurable  amounts  of  P- 
tubulin  class  IVa  mRNA.  Data  analysis  by  one-way 
ANOVA  demonstrated  that  the  predominant  isotypes  in 
this  small  sample  of  normal  lung  tissues,  P-tubulin 
classes  III  and  VI,  were  present  in  significantly  larger 
amounts  than  the  other  P-tubulin  isotypes  (P  <  0.001). 
There  was  no  statistically  significant  difference  in  P- 
tubulin  isotype  classes  I,  II,  IVb  or  V.  Student’s  t  test 
demonstrated  that  the  fractions  of  P-tubulin  isotype 
classes  II  and  V  were  significantly  smaller  in  normal 
lung  tissues  compared  to  NSCLCs  (P  <  0.05). 

p-Tubulin  Classes  II  and  V  mRNA  Fractions  Follow 
Similar  Trends  by  Level  of  Differentiation  and 
Histopathology  in  NSCLCs 

NSCLC  samples  were  grouped  according  to  tissue 
differentiation  as  determined  in  the  pathology  report: 
poorly-differentiated  ( n  =  28),  moderately  differentiated 
(n  =  19)  and  well-differentiated  ( n  =  7).  Only  data  from 
samples  that  were  classified  as  one  of  these  three  types 
(n  =  54)  were  used  in  this  analysis.  We  observed  a  trend 
in  the  average  mRNA  fraction  of  P-tubulin  class  II 
mRNA:  well-differentiated  <  moderately-differentiated 
or  poorly-differentiated;  in  contrast,  the  mRNA  fraction 
of  P-tubulin  class  V  mRNA  followed  the  reverse  pattern: 
well-differentiated  >  moderately-differentiated  >  poorly- 
differentiated  (Fig.  2).  Statistical  analysis  did  not  demon¬ 
strate  significance,  possibly  due  to  the  small  n  for  each 
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Pathology 


Fig.  3.  Fraction  of  (3-tubulin  isotypes  in  NSCLCs  grouped  by  histo- 
pathology.  The  bar  graphs  represent  the  averages  and  error  bars  repre¬ 
sent  the  standard  error  of  the  mean.  The  numbers  of  samples  in  each 
group  were:  large  cell  carcinoma  with  neuroendocrine  (NE)  features 
n  =  4,  adenocarcinoma  n  =  16,  and  squamous  cell  carcinoma  n  =  28. 

group  or  the  uncertainty  in  the  criteria  used  for  histopath- 
ological  determinations. 

Samples  were  divided  into  histopathological 
groups:  squamous  cell  carcinoma  ( n  =  28),  adenocarci¬ 
noma  ( n  =16)  and  large  cell  carcinoma  with  neuroendo¬ 
crine  features  (n  —  4).  Only  data  from  samples  that  had 
these  designations  on  the  pathology  reports  were  utilized 
in  this  analysis  ( n  =  48).  The  results  show  (3-tubulin 
class  II  mRNA  fractions  ranged  as  follows:  squamous 
cell  <  adenocarcinomas  or  large  cell  carcinomas  with 
neuroendocrine  features.  In  contrast,  we  found  that  (3- 
tubulin  class  V  mRNA  fractions  followed  the  reverse 
trend:  large  cell  carcinomas  with  neuroendocrine  fea¬ 
tures  <  adenocarcinomas  or  squamous  cell  carcinomas 
(Fig.  3).  Statistical  analysis  did  not  demonstrate  signifi¬ 
cance,  possibly  due  to  the  small  n  for  each  group  or  the 
uncertainty  in  the  criteria  used  for  histopathological 
determinations. 

Significant  Differences  are  Present  in  p-Tubulin 
Class  II  to  V  mRNA  Copy  Number  Ratios  in  Normal 
Lung  Tissues  and  NSCLCs 

Because  |3-tubulin  isotype  mRNA  classes  II  and  V 
were  found  to  be  the  predominant  isotypes  in  NSCLCs 
and  they  have  reverse  patterns  of  expression  when  com¬ 
paring  well-differentiated  and  poorly-differentiated  tis¬ 
sues,  the  ratios  of  the  copy  numbers  of  these  two  isotypes 
were  analyzed.  The  ratio  of  the  copy  numbers  of  |3 -tubu¬ 
lin  isotype  classes  II  to  V  in  normal  lung  tissues  (n  = 
12)  was  also  included  in  this  analysis.  The  ratio  of  (3- 
tubulin  isotype  classes  II  to  V  in  NSCLCs  was  signifi¬ 
cantly  higher  than  in  normal  lung  tissues  (unpaired  Stu¬ 
dent’s  t  test,  P  <  0.001)  (Fig.  4A).  This  was  true  also  for 
paired  comparison  of  normal  and  tumor  lung  tissues 
from  the  same  patient:  P  <  0.0001,  Student’s  t  test  (data 


not  shown).  When  the  |3 -tubulin  II/V  ratio  data  were 
grouped  by  level  of  differentiation  a  trend  was  found: 
the  value  decreased  from  poorly-  to  moderately-  to  well- 
differentiated  tissues  and  the  ratio  in  well-differentiated 
tissues  approaches  that  of  the  normal  lung  tissues 
(ANOVA,  P  =  0.17)  (Fig.  4B).  When  the  data  were 
grouped  by  histopathology,  we  found  that  the  trend  for 
the  ratio  of  |3-tubulin  classes  II/V  approached  statistical 
significance  at  P  <  0.05:  large  cell  carcinomas  with  neu¬ 
roendocrine  features  >  adenocarcinomas  >  squamous 
cell  carcinoma  >  normal  lung  tissues  (ANOVA,  P  = 
0.06)  (Fig.  4C).  The  fact  that  these  ratios  are  determined 
for  each  patient  before  averaging  must  contribute  to  the 
increased  statistical  significance  of  these  data  compared 
to  the  aggregate  data  for  each  isotype  alone,  suggesting 
potential  utility  of  the  |3 -tubulin  class  II/V  ratio  as  a  bio¬ 
marker  for  aggressive  lung  tumors. 

p-Tubulin  Classes  II  and  V  Proteins  are 
Present  in  NSCLCs 

The  presence  of  protein  for  |3 -tubulin  isotype 
classes  II  and  V  was  evaluated  by  Western  blotting  of 
three  samples  that  showed  high  and  low  mRNA  levels 
for  |3-tubulin  classes  II  and  V.  The  specificity  of  anti-(3- 
tubulin  class  II  antibody,  7B9,  has  been  previously 
characterized  [Lobert  et  al.,  1998].  In  this  study  we 
used  a  newly  developed  polyclonal  antibody  raised 
against  the  carboxy-terminal  peptide  for  |3-tubulin  class 
V.  Dot  blots  with  maltose  binding  protein  (MBP)  (3- 
tubulin  isotype  fusion  proteins  representing  peptides 
from  the  carboxyl  terminus  of  all  seven  |3 -tubulin  iso¬ 
type  classes  were  used  to  characterize  the  specificity  of 
this  antibody  and  to  establish  the  optimal  working  dilu¬ 
tion.  The  use  of  MBP  tubulin  isotype  fusion  proteins  in 
Western  blotting  is  described  in  our  previous  work 
[Hiser  et  al.,  2006].  The  optimal  dilution  was  found  to 
be  1:30,000  (~0.1  pg/ml)  (Fig.  5A).  Both  |3-tubulin  iso¬ 
type  classes  II  and  V  proteins  were  found  in  the  three 
tissue  samples  that  were  examined.  There  was  no  appa¬ 
rent  difference  in  protein  expression  of  (3-tubulin  iso¬ 
type  class  II,  but  the  different  levels  of  (3-tubulin  iso¬ 
type  class  V  protein  were  consistent  with  the  different 
levels  of  mRNA  (Fig.  5B).  The  findings  for  (3-tubulin 
isotype  class  II  protein  were  not  surprising  since  pri¬ 
mers  used  in  our  qRT-PCR  measurements  for  this  class 
recognized  the  mRNA  product  of  the  TUBB2B  gene 
only,  while  the  antibody  recognizes  the  products  of 
TUBB2A  and  TUBB2B.  Tubulin  class  V  protein  has 
not  previously  been  measured  in  lung  tumor  tissues. 
Note  that  we  divided  our  total  tissue  lysate  into  frac¬ 
tions  to  use  for  total  RNA  extraction  and  for  semiquan- 
titative  protein  measurements  by  Western  blotting.  Tissue 
samples  are  inherently  heterogeneous  and  we  wanted  to 
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Fig.  4.  Ratio  of  (3-tubulin  classes  II  to  V.  Panel  A:  Comparison  of 
normal  lung  tissues  (n  =  12)  and  NSCLCs  ( n  =  64).  *  Indicates  a  sig¬ 
nificant  difference  by  unpaired  Student’s  t  test,  P  <  0.001.  Panel  B: 
Data  are  grouped  by  differentiation  (ANOVA,  P  =  0.17).  Panel  C: 
Data  are  grouped  by  histological  classification  (ANOVA,  P  =  0.06). 
The  numbers  of  samples  used  to  calculate  the  averages  are  shown  for 
each  grouping  in  Figures  2  and  3.  Error  bars  represent  the  standard 
error  of  the  mean. 

minimize  differences  in  mRNA  and  protein  quantities 
that  might  be  due  to  different  cell  types  within  a  section 
of  a  sample.  Therefore  the  semiquantitative  Westerns 
show  a  reasonable  estimate  of  the  protein  in  the  sample 
used  for  mRNA  quantitation. 

MAP4  to  Stathmin  Ratio  is  Significantly  Higher  in 
NSCLCs  Compared  to  Normal  Lung  Tissues 

Stathmin  and  MAP4  are  microtubule  associated 
proteins  important  in  cell  division  and  proliferation 


[Andersen,  2000],  and  therefore  changes  in  these  pro¬ 
teins  may  have  implications  for  tumorigenesis.  In  addi¬ 
tion,  alterations  in  levels  of  stathmin  and  MAP4  can 
change  the  sensitivity  of  cells  to  antimitotic  drugs  com¬ 
monly  used  in  chemotherapy  protocols  for  NSCLC 
[Zhang  et  al.,  1999;  Alii  et  al.,  2002].  MAP4  and  stath¬ 
min  have  opposing  effects  on  microtubules;  MAP4  sta¬ 
bilizes  and  stathmin  destabilizes  polymer  formation. 
qRT-PCR  was  used  to  measure  the  copy  number  of 
MAP4  and  stathmin  mRNA  in  normal  lung  tissue  ( n  — 
12)  and  NSCLCs  (n  =  64).  Analagous  to  the  results  that 
we  found  with  tubulin  message,  we  found  significantly 
more  MAP4  and  stathmin  in  NSCLCs  compared  to  nor¬ 
mal  lung  tissues  (Student’s  Mest,  P  <  0.0001).  The 
mean  mRNA  copy  number/pg  total  RNA  of  MAP4  in 
normal  lung  tissues  was  7.2  (±2.8)  X  104  and  in 
NSCLCs  it  was  8.8  (±1.3)  X  105;  for  stathmin  in  normal 
lung  tissues,  it  was  2.8  (±0.4)  X  105  and  in  NSCLCs  9.4 
(±1.6)  X  105.  In  addition,  when  the  ratios  of  MAP4  to 
stathmin  mRNA  copies/pg  of  total  RNA  for  each  patient 
sample  were  averaged,  we  found  the  ratio  was  signifi¬ 
cantly  higher  in  NSCLCs  than  in  normal  lung  tissues 
(Fig.  6).  This  reflects  a  trend  toward  increasing  microtu¬ 
bule  stabilizing  factors  in  NSCLCs  compared  to  normal 
lung  tissues. 


DISCUSSION 

p-Tubulin  Isotypes  in  Tumor  Cells  and  Tissues: 
Association  with  Tumor  Formation  and 
Aggressiveness 

This  study  describing  |3 -tubulin,  MAP4  and  stath¬ 
min  mRNA  in  NSCLC  tissues  was  undertaken  to  search 
for  biomarker  patterns  useful  for  determining  prognosis. 
Specific  and  reliable  markers  to  distinguish  NSCLCs  are 
needed,  as  are  reliable  predictors  of  response  to  chemo¬ 
therapy  that  could  reduce  the  morbidity  associated  with 
ineffective  chemotherapy.  This  is  the  first  study  of 
NSCLCs  comparing  all  seven  |3-tubulin  isotype  mRNA 
fractions.  Thus  the  findings  regarding  |3-tubulin  classes 

II  and  V  levels  are  novel  and  further  exploration  of  these 
isotypes  as  prognostic  biomarkers  is  warranted. 

Recent  work  suggested  a  role  for  |3-tubulin  class 

III  protein  as  a  biomarker  for  NSCLC  aggressiveness 
and  patient  prognosis,  indicating  a  dysregulated,  poorly  - 
differentiated  tumor  type  [Katsetos  et  al.,  2000].  This 
was  in  contrast  to  normal  lung  tissues  that  did  not  have 
measurable  |3-tubulin  class  III  protein.  However,  the 
only  |3 -tubulin  isotype  evaluated  in  that  study  was  (3- 
tubulin  class  III.  Since  P-tubulin  class  III  is  a  member  of 
the  family  of  P -tubulins,  comprised  of  at  least  seven 
gene  products  that  are  grouped  into  classes  based  upon 
their  carboxy-terminal  amino  acid  sequences,  a  compari- 
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Fig.  5.  A:  Dot  blot  showing  the  specificity  of  anti- (3 -tubulin  class  V 
polyclonal  antibody.  Using  maltose  binding  fusion  proteins  for  the 
seven  tubulin  isotype  classes,  the  concentration  of  antibody  that  reacts 
specifically  with  (3-tubulin  class  V  was  determined  to  be  1:30,000. 
This  dilution  was  used  for  Western  blotting.  B:  Western  blots  showing 
the  protein  expression  of  p-tubulin  isotype  classes  II  and  V  in  NSCLC 
tissues.  Tissues  with  low  and  high  levels  of  P-tubulin  isotype  classes 
II  and  V  mRNA  were  used.  Immunoblotting  with  anti-actin  monoclo¬ 
nal  antibody  was  used  to  establish  that  the  total  protein  loaded  in  each 
lane  was  comparable.  Lane  1:  whole  cell  lysate  from  a  sample  with 
high  p-tubulin  isotype  classes  II  and  V  mRNA.  Lane  2:  whole  cell 
lysate  from  a  sample  with  low  P-tubulin  isotype  classes  II  and  V 
mRNA;  and  Lane  3:  whole  cell  lysate  from  a  sample  with  high  (3- 
tubulin  isotype  classes  II  and  V  mRNA.  For  comparison,  the  message 
levels  (mRNA  copies/pg  total  RNA)  for  each  sample  were  as  follows: 
Top  panel:  P-tubulin  isotype  class  II  -lane  (1)  4570,  lane  (2)  134,  lane 
(3)  58,400;  Middle  panel:  P-tubulin  isotype  class  V-  lane  (1)  6010, 
lane  (2)  52,  lane  (3)  43,900;  Lower  panel:  samples  reacted  with  anti- 
actin  monoclonal  antibody  to  establish  that  equal  amounts  of  total  pro¬ 
tein  were  loaded  in  each  lane. 


son  of  the  amounts  of  (3-tubulin  isotypes  in  tissues 
should  provide  additional  data  for  understanding  tubulin 
dysregulation  in  tumors.  The  levels  of  specific  (3 -tubulin 
isotypes  vary  in  different  mammalian  tissues  [Sullivan, 
1988;  Luduena,  1993];  however,  the  functional  role  for 
the  variability  in  tubulin  polypeptides  is  uncertain 
[Luduena,  1993;  Raff,  1994].  (3-Tubulin  classes  I,  II  and 
IVb  are  reported  to  be  constitutively  expressed  in  many 
vertebrate  tissues  (mouse,  rat,  chicken)  [Lewis  et  al., 
1985;  Sullivan  and  Cleveland,  1986].  Classes  III  and  IVa 
are  primarily  found  in  neurons;  in  fact,  (3-tubulin  class 
III  is  often  used  as  a  marker  for  neuronal  tissues.  (3- 
Tubulin  class  V  has  been  less  well  studied  because  a  spe¬ 
cific  and  stable  antibody  for  this  isotype  has  not  been 
widely  available.  It  has  been  thought  to  be  present  in 
small  amounts  in  many  cell  types,  but  not  in  neurons 
[Sullivan,  1988].  Class  VI  was  found  in  the  avian  and 
mammalian  blood  cells  (specifically  the  marginal  band 
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Fig.  6.  Ratio  of  MAP4  to  stathmin  mRNA  in  NSCLCs  and  normal 
lung  tissues.  Each  bar  of  the  graph  represents  the  average  of  the  ratio 
from  each  patient  sample  of  MAP4  to  stathmin  in  normal  or  diseased 
tissues.  Error  bars  represent  the  standard  error  of  the  mean.  The  ratio 
of  MAP4  to  stathmin  is  significantly  higher  in  NSCLCs  compared  to 
normal  lung  tissues  at  P  <  0.05  (Student’s  t  test). 


of  avian  erythocytes  and  mammalian  nucleated  imma¬ 
ture  erythrocytes  and  platelets),  as  well  as  in  hematopoi¬ 
etic  tissues  (in  mouse  spleen  and  liver)  [Murphy  and 
Wallis,  1983;  Wang  et  al.,  1986].  In  that  work  it  was 
noted  that  lung  tissue  of  young  mice  also  expressed  13- 
tubulin  class  VI  [Wang  et  al.,  1986]. 

Increased  levels  of  (3-tubulin  class  III  protein  could 
affect  the  tumor  response  to  chemotherapy.  The  proper¬ 
ties  of  (3-tubulin  classes  III,  V  and  VI  are  reported  to 
render  microtubules  more  dynamic  than  |3 -tubulin 
classes  I,  II,  IVa  and  IVb  [Luduena,  1993;  Cabral,  2008]. 
Some  investigators  have  speculated  that  alterations  in 
microtubule  dynamics  due  to  varying  levels  of  |3 -tubulin 
isotypes  may  contribute  to  differential  responses  to  anti¬ 
mitotic  agents  that  interact  with  tubulin  heterodimers  or 
microtubules  [Hari  et  al.,  2003;  Bhattacharya  and  Cabral, 
2004].  This  should  affect  patient  outcomes.  Recent  work 
indicates  that  changes  in  the  abundance  of  |3 -tubulin  iso¬ 
types  confer  differential  drug  responses  perhaps  as  a 
result  of  changes  in  drug  binding  affinity  and/or  microtu¬ 
bule  dynamics  [Yang  and  Cabral,  2007].  For  example,  in 
a  recent  study  of  the  effect  of  increased  levels  of  |3 -tubu¬ 
lin  class  IVa  in  CHO  cells  on  the  response  to  paclitaxel, 
small  increases  of  this  isotype  enhanced  drug  sensitivity 
and  high  levels  produced  drug  resistance  [Yang  and 
Cabral,  2007].  Note  that  in  the  work  of  Cabral  and  col¬ 
leagues,  the  amount  of  only  one  isotype  is  changed  and 
therefore,  may  not  reflect  global  intracellular  changes  in 
real  physiological  systems.  Two  recent  studies  identified 
(3-tubulin  class  III  protein  as  a  predictor  of  NSCLC 
response  to  antimitotic  drugs  [Dumontet  et  al.,  2005; 
Seve  et  al.,  2005];  although,  it  may  not  be  a  general 
prognostic  indicator  [Seve  et  al.,  2005].  Note  that  in  both 
studies,  only  (3-tubulin  isotype  classes  I,  II  and  III  pro¬ 
tein  were  evaluated.  While  all  three  isotypes  were  identi- 
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fied  in  these  NSCLC  samples  they  were  not  quantita¬ 
tively  compared. 

We  quantitatively  measured  P-tubulin  isotype 
mRNA  levels  in  76  lung  tissue  samples  (64  NSCLCs 
and  12  normal  lung  tissues).  Normal  lung  tissues  were 
obtained  from  a  subset  of  the  64  patients  diagnosed 
with  NSCLC  and  the  pathology  reports  identified  the 
tissues  as  exhibiting  normal  histological  characteristics. 
The  |3 -tubulin  isotype  pattern  was  clearly  different 
when  normal  and  NSCLCs  were  compared;  P-tubulin 
classes  II  and  V  mRNA  predominate  in  NSCLCs  and 
P -tubulin  classes  III  and  VI  mRNA  predominate  in 
normal  lung  tissues.  This  finding  was  unexpected  since 
Katsetos,  et  al.  [2000]  did  not  find  appreciable  amounts 
of  P-tubulin  class  III  protein  in  normal  lung  tissues. 
However,  they  did  not  attempt  to  compare  P-tubulin 
class  III  levels  with  other  isotype  levels.  It  is  important 
to  note  that  these  data  are  presented  as  fractions  of 
each  isotype,  rather  than  as  copy  number.  We  found 
that  normal  lung  tissues  tend  to  have  on  average  about 
3 -fold  fewer  copies  of  P-tubulin  mRNA/pg  of  total 
RNA  compared  to  diseased  tissue.  More  specifically, 
we  found  3.5-fold  fewer  copies  of  P-tubulin  class  III 
mRNA  in  normal  tissues  compared  to  NSCLCs 
[normal  8.0  (±1.4)  X  104  and  NSCLCs  2.8  (±0.6)  X 
105  mRNA  copies/  pg  total  RNA].  Although  we  found 
relatively  high  levels  of  P-tubulin  class  III  mRNA  in 
normal  tissues  when  analyzed  as  a  percentage  of  the 
total  tubulin  mRNA,  the  amounts  were  small  com¬ 
pared  to  the  P-tubulin  class  II  mRNA  copy  number  in 
NSCLCs  [2.0  (±1.3)  X  106  mRNA  copies/pg  of  total 
RNA].  Immunostaining  for  protein  is  dependent  upon 
the  sensitivity  of  the  antibody  and  the  amount  of  pro¬ 
tein  present.  In  the  study  by  Katsetos,  et  al.  [2000], 
the  P-tubulin  class  III  protein  in  normal  lung  tissues 
was  clearly  below  the  level  of  detection,  but  this 
result  does  not  necessarily  contradict  our  qRT-PCR 
data.  The  fraction  of  P-tubulin  class  III  may  be  high¬ 
est  in  normal  lung  tissues  but  the  protein  signal  may 
not  be  detectable  by  immunostaining.  Because  of  the 
high  amounts  of  P-tubulin  class  III  mRNA  in  our  nor¬ 
mal  lung  tissue  samples,  we  used  Western  blotting  to 
determine  whether  P-tubulin  class  III  protein  was 
present  in  selected  normal  and  tumor  tissues  and 
found  detectable  amounts  in  these  samples  (data  not 
shown).  We  also  found  measurable  amounts  of  P- 
tubulin  classes  II  and  V  protein  in  NSCLC  tissues  by 
selective  Western  blotting  (Fig.  5B);  however  it  was 
not  feasible  to  do  these  measurements  for  all  76  tis¬ 
sue  samples. 

P-Tubulin  class  VI  has  been  reported  to  be  present 
in  significant  amounts  in  blood  cells  and  hematopoietic 
cells  [Murphy  and  Wallis,  1983;  Wang  et  al.,  1986].  The 
elevated  mRNA  levels  for  P-tubulin  class  VI  in  our 


small  sample  of  normal  lung  tissues  could  be  due  to  rela¬ 
tively  higher  amounts  of  blood  cells  in  these  heterogene¬ 
ous  tissues.  We  also  note  that  although  tumors  can  be 
highly  vascular,  there  are  sections  of  tumors  that  are  not 
penetrated  by  the  developing  blood  vessels.  We  meas¬ 
ured  P-tubulin  isotype  mRNA  levels  in  whole  blood  (P- 
tubulin  isotypes  I,  II,  III,  V  and  VI)  and  found  that  P- 
tubulin  isotypes  I,  II  and  VI  predominated  [mean  copies 
mRNA/ng  total  RNA:  3.3  (±1.9)  X  106;  2.5  (±0.4)  X 
106;  1.0  (±0.4)  X  106,  respectively].  Class  V  was  in  the 
lowest  abundance  [mean  copies  mRNA/pg  total  RNA: 
2.4  (±0.4)  X  104].  Class  III  was  on  average:  2.4  (±0.3) 
X  105  copies  mRNA/pg  total  RNA.  Thus  it  is  not  clear 
that  the  presence  of  whole  blood  is  the  reason  for  our 
findings  in  normal  lung  tissue.  This  observation  warrants 
further  exploration;  however,  there  is  no  commercially 
available  antibody  to  confirm  the  presence  of  P-tubulin 
class  VI  protein  in  these  tissues. 

In  a  recent  study  of  twelve  human  cancer  cell 
lines  [Hiser  et  al.,  2006],  we  found  that  P-tubulin  class 
I  mRNA  predominated  and,  in  several  cell  lines,  sig¬ 
nificant  amounts  of  P-tubulin  class  V  mRNA  were  also 
found.  High  levels  of  P-tubulin  class  I  have  been  found 
in  many  immortalized  cell  lines  and  for  that  reason 
this  class  has  been  presumed  to  predominate  in  all  tis¬ 
sues.  However,  there  are  few  quantitative  reports  com¬ 
paring  all  P-tubulin  isotype  classes  in  human  tissues 
[Dozier  et  al.,  2003]  and  this  is  the  first  comparison  in 
NSCLCs.  In  our  previous  study  of  human  cancer  cell 
lines  [Hiser  et  al.,  2006],  high  fractions  of  P-tubulin 
classes  I  and  V  mRNA  were  measured  in  two  NSCLC 
lung  cancer  cell  lines  (A549  and  HOP  18).  In  that 
study,  we  also  measured  protein  levels  for  P-tubulin 
classes  I,  II,  III,  and  IVa  plus  IVb  by  quantitative 
Western  blotting.  For  P-tubulin  isotype  classes  I  and 
III  there  was  good  agreement  between  the  isotype 
mRNA  fractions  and  protein  fractions.  For  P-tubulin 
isotype  classes  IVa  +  IVb,  there  was  consistently 
more  protein  than  mRNA.  Thus  when  quantitative 
measurements  of  both  mRNA  and  protein  are  done,  we 
expect  that  P-tubulin  mRNA  and  protein  isotype  frac¬ 
tions  are  likely  to  show  reasonable  agreement.  As 
noted  above,  immunostaining  of  tissues  does  not  yield 
quantitative  data  and  therefore  it  is  difficult  to  compare 
the  results  of  the  current  qRT-PCR  study  with  previous 
studies  that  utilized  immunohistochemical  staining. 
Thus,  because  of  the  quantitative  limitations  of  immu¬ 
nostaining  for  proteins  and  the  difficulty  of  isolating 
sufficient  protein  from  tissue  samples  for  quantitative 
Western  blotting,  the  measurements  of  mRNA  levels 
in  the  work  presented  here  were  done  to  establish 
whether  P-tubulin  mRNA  levels  might  be  more  useful 
as  biomarkers  for  NSCLC  aggressiveness  and/or  level 
of  differentiation. 
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The  Ratio  of  p-Tubulin  Class  II  to  Class  V  as  a 
Biomarker  for  NSCLCs 

The  trends  in  the  (3-tubulin  class  II  to  V  mRNA 
copy  number  ratios  suggest  that  (3-tubulin  isotype  pat¬ 
terns  should  be  further  explored  as  biomarkers  of 
NSCLC  aggressiveness  and/or  level  of  differentiation. 
We  found  that  this  ratio  is  significantly  higher  in 
NSCLCs  compared  to  normal  lung  tissues  (unpaired  Stu¬ 
dent’s  t  test,  P  <  0.001).  We  also  found  the  ratio  was 
higher  in  poorly-differentiated  NSCLCs  compared  to 
normal  lung  tissues.  A  trend  was  found  showing  that  the 
ratio  for  moderately-differentiated  tumors  tends  to  fall  in 
between  that  of  normal  and  poorly-differentiated  tissues 
(ANOVA,  P  —  0.17).  Similarly,  the  (3-tubulin  class  II  to 
V  ratio  in  samples  grouped  by  pathology  is  highest  in 
large  cell  carcinomas  with  neuroendocrine  features  and 
lowest  in  both  squamous  cell  carcinomas  and  normal 
lung  tissues  (ANOVA,  P  =  0.06).  These  results  suggest 
an  exciting  possibility  for  the  use  of  the  ratio  of  |3 -tubu¬ 
lin  class  II  to  V  mRNA  as  a  marker  for  tumor  aggressive¬ 
ness  and/or  level  of  differentiation.  In  fact,  analysis  of 
qRT-PCR  data  from  a  previous  report  from  our  labora¬ 
tory  measuring  (3 -tubulin  isotypes  in  normal  and  tumor 
breast  tissues  [Dozier  et  al.,  2003],  shows  the  same  trend 
for  a  higher  ratio  of  |3-tubulin  class  II  to  V  mRNA  in 
tumor  tissue  compared  to  normal  breast  tissue  (normal, 
n  =  6,  0.14  ±  0.07;  tumor,  n  =  7,  1.13  ±  0.74;  Student’s 
t  test,  P  =  0.10).  This  biomarker  would  be  a  valuable 
resource  for  tissues  that  cannot  be  easily  classified 
using  common  histopathological  microscopic  or  staining 
criteria. 

The  mechanistic  reasons  for  the  differences  in  the 
higher  fractions  of  |3 -tubulin  classes  II  and  V  in  tumor 
tissues  compared  to  normal  lung  tissues  remain  to  be 
explored.  It  is  possible  that  an  increase  in  the  amount  of 
one  isotype  in  these  tissues  must  be  compensated  by  an 
increase  in  another.  Since  |3-tubulin  classes  II  and  V 
have  contrasting  properties,  where  |3-tubulin  class  V  is 
more  dynamic  than  |3-tubulin  class  II  [Cabral,  2008],  it 
is  compelling  to  speculate  that  the  dysregulation  of  tu¬ 
mor  cells  that  causes  an  increase  in  one  isotype  (e.g.  13- 
tubulin  class  II  or  V),  leads  to  an  increase  in  another 
with  complementary  properties  to  meet  the  intracellular 
requirement  for  microtubule  dynamics.  Thus  our  meas¬ 
urements  of  high  fractions  of  (3-tubulin  classes  II  and  V 
may  be  evidence  of  intracellular  changes  needed  to 
maintain  cell  viability.  The  higher  ratios  of  |3 -tubulin 
classes  II  to  V  in  the  poorly-differentiated  or  large  cell 
(with  neuroendocrine  features)  NSCLCs  suggests  that 
these  compensatory  changes  are  associated  with  dysre¬ 
gulation  of  microtubule  dynamics  in  the  disease  state. 
Alternatively,  these  patterns  may  also  reflect  alterations 
in  genomic  stability  that  cause  overexpression  of  many 


proteins  in  an  unregulated  manner  [Soucek  et  al.,  2006]. 
Regardless  of  the  mechanism,  our  study  suggests  that 
ratios  of  (3-tubulin  class  II  to  V  mRNA  may  be  a  bio¬ 
marker  for  aggressive  NSCLCs. 

Altered  Expression  of  MAP4  and  Stathmin  in 
Normal  Lung  Tissue  and  NSCLCs 

In  this  study  we  also  found  a  statistically  signifi¬ 
cant  difference  in  the  ratio  of  MAP4  to  stathmin  when 
normal  and  diseased  lung  tissues  were  compared.  In  dis¬ 
eased  tissues,  the  copy  number  of  MAP4  mRNA  was 
nearly  equal  to  that  of  stathmin  mRNA;  however  normal 
lung  tissues  showed  significantly  higher  copy  numbers 
of  stathmin  compared  to  MAP4  mRNA.  MAP4  and 
stathmin  play  important  roles  in  the  regulation  of  micro¬ 
tubule  dynamics,  essential  for  cell  division  and  tissue 
proliferation;  MAP4  stabilizes  microtubules  and  stath¬ 
min  induces  depolymerization  [Andersen,  2000].  Some 
studies  suggest  that  MAP4  and/or  stathmin  may  be  good 
targets  for  combination  chemotherapy  to  improve  patient 
outcomes  when  treated  with  antimitotic  agents  aimed  at 
disrupting  microtubule  dynamics  [Bhat  and  Setaluri, 
2007].  The  implications  of  the  different  ratios  of  MAP4 
to  stathmin  for  tumor  development  and/or  aggressiveness 
are  unclear.  In  breast  carcinomas,  high  levels  of  stathmin 
were  associated  with  a  subset  of  cancers  classified  as 
grade  III  with  a  high  proliferative  index,  suggesting  these 
were  aggressive  tumors  [Curmi  et  al.,  2000].  In  contrast, 
in  another  study  of  peripheral  blood  samples  from  51 
patients  with  NSCLC,  lower  MAP4/stathmin  ratios  were 
associated  with  response  to  the  antimitotic  vinorelbine 
that  destabilizes  microtubules  [Galan  et  al.,  2007].  In  the 
NSCLCs  examined  in  our  study,  there  was  no  trend 
observed  for  the  MAP4/stathmin  ratio  within  either  of 
the  groupings  (pathological  description  or  level  of  differ¬ 
entiation)  and  therefore,  no  clear  association  with  prog¬ 
nosis.  However,  as  suggested  by  the  study  by  Galan 
et  al.  [2007],  a  subset  of  NSCLCs  with  low  MAP4/stath- 
min  ratios  may  respond  more  readily  to  antimitotic  ther¬ 
apy  with  vinorelbine.  Decreased  levels  of  MAP4  in 
another  study  were  implicated  in  decreased  sensitivity  to 
paclitaxel  [Zhang  et  al.,  1999],  an  antimitotic  that  stabil¬ 
izes  microtubules  and  is  commonly  used  to  treat 
advanced-stage  NSCLCs.  Our  data  showing  that  normal 
lung  tissues  have  relatively  lower  amounts  of  MAP4 
mRNA  compared  to  diseased  tissues  suggest  that  normal 
lung  tissues  may  be  less  sensitive  to  paclitaxel.  Differen¬ 
tial  sensitivity  to  paclitaxel  of  NSCLCs  compared  to  nor¬ 
mal  lung  tissues  may,  in  part,  be  explained  by  a  differ¬ 
ence  in  the  MAP4/stathmin  ratio.  It  should  be  noted  that 
stathmin  and  MAP4  activities  are  regulated  by  phospho¬ 
rylation  [Vandre  et  al.,  1991;  Curmi  et  al,  1999].  Thus, 
to  better  understand  the  role  of  the  MAP4/stathmin  ratio, 
the  phosphorylation  status  of  stathmin  and/or  MAP4  in 
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NSCLCs,  as  well  as  levels  of  kinase  or  phosphatase  ac¬ 
tivity  need  to  be  evaluated.  Nonetheless,  the  observed 
difference  between  diseased  and  normal  lung  tissues  sug¬ 
gests  that  the  MAP4/stathmin  mRNA  ratio  may  have 
potential  as  a  biomarker  for  aggressive  NSCLCs. 

Properties  of  microtubules  that  are  critical  for  cell 
division,  cell  movement  and  response  to  antimitotic 
chemotherapy  agents  are  thought  to  be  regulated  by  the 
tubulin  isotype  composition  and  microtubule  interacting 
proteins  (MIPs).  The  work  presented  here  demonstrates 
the  utility  of  methods  to  quantitatively  measure  tubulin 
and  MIP  mRNA  amounts  in  human  tissue  samples.  We 
designed  highly  specific  primers  and  were  able  to  quan¬ 
tify  message  from  all  seven  |3-tubulin  genes,  as  well  as 
mRNA  for  the  gene  products  known  to  regulate  microtu¬ 
bule  dynamics  and  stability,  MAP4  and  stathmin.  Inher¬ 
ent  in  analysis  of  data  from  whole  tissue  samples  is  the 
problem  of  heterogeneity  of  cell  types,  including  con¬ 
tamination  of  samples  with  whole  blood  components. 
This  can  lead  to  bias  in  the  data  collected  and  result  in 
unwarranted  conclusions.  While  it  is  clear  that  no  single 
biomarker  can  point  conclusively  to  a  prognosis,  it  is 
possible  that  patterns  of  biomarkers  such  as  those  pre¬ 
sented  here  can  together  be  used  as  reliable  indicators  of 
potential  outcomes  or  help  in  the  selection  of  appropriate 
treatments. 
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Abstract 

The  Akt  inhibitor,  perifosine,  is  an  alkylphospholipid 
exhibiting  antitumor  properties  and  is  currently  in  phase 
II  clinical  trials  for  various  types  of  cancer.  The  mecha¬ 
nisms  by  which  perifosine  exerts  its  antitumor  effects, 
including  the  induction  of  apoptosis,  are  not  well  under¬ 
stood.  The  current  study  focused  on  the  effects  of 
perifosine  on  the  induction  of  apoptosis  and  its  underlying 
mechanisms  in  human  non -small  cell  lung  cancer 
(NSCLC)  cells.  Perifosine,  at  clinically  achievable  concen¬ 
tration  ranges  of  10  to  15  pmol/L,  effectively  inhibited  the 
growth  and  induced  apoptosis  of  NSCLC  cells.  Perifosine 
inhibited  Akt  phosphorylation  and  reduced  the  levels  of 
total  Akt.  Importantly,  enforced  activation  of  Akt  attenu¬ 
ated  perifosine-induced  apoptosis.  These  results  indicate 
that  Akt  inhibition  is  necessary  for  perifosine-induced 
apoptosis.  Despite  the  activation  of  both  caspase-8  and 
caspase-9,  perifosine  strikingly  induced  the  expression  of 
the  tumor  necrosis  factor -related  apoptosis-inducing 
ligand  (TRAIL)  receptor,  death  receptor  5,  and  down- 
regulated  cellular  FLICE-inhibitory  protein  (c-FLIP),  an 
endogenous  inhibitor  of  the  extrinsic  apoptotic  pathway, 
with  limited  modulatory  effects  on  the  expression  of  other 
genes  including  Bcl-2,  Bcl-XL,  PUMA,  and  survivin. 
Silencing  of  either  caspase-8  or  death  receptor  5  attenu- 
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ated  perifosine-induced  apoptosis.  Consistently,  further 
down-regulation  of  c-FLIP  expression  with  c-FLIP  small 
interfering  RNA  sensitized  cells  to  perifosine-induced 
apoptosis,  whereas  enforced  overexpression  of  ectopic 
c-FLIP  conferred  resistance  to  perifosine.  Collectively, 
these  data  indicate  that  activation  of  the  extrinsic  apop¬ 
totic  pathway  plays  a  critical  role  in  perifosine-induced 
apoptosis.  Moreover,  perifosine  cooperates  with  TRAIL 
to  enhance  the  induction  of  apoptosis  in  human  NSCLC 
cells,  thus  warranting  future  in  vivo  and  clinical  evaluation 
of  perifosine  in  combination  with  TRAIL  in  the  treatment 
of  NSCLC.  [Mol  Cancer  Ther  2007;6(7):2029 -38] 

Introduction 

Alkylphospholipids  are  a  class  of  antitumor  agents  which 
target  the  cell  membrane  and  induce  apoptosis  (1,  2). 
Perifosine,  the  first  orally  bioavailable  alkylphospholipid, 
has  shown  antitumor  activity  in  preclinical  models  and  is 
currently  in  phase  II  clinical  trials  (1,  3).  The  mechanisms 
by  which  perifosine  exerts  its  antitumor  effect  remain 
unclear,  although  it  seems  to  inhibit  Akt  (2,  4)  and  mitogen- 
activated  protein  kinase  activation  (5),  whereas  inducing 
c-Jun-NH2-kinase  (JNK)  activation  (5).  Perifosine  has  also 
been  shown  to  induce  p21  expression  leading  to  cell 
cycle  arrest  (6).  In  addition,  perifosine,  in  combination 
with  other  antitumor  agents  such  as  the  PDK1  inhibitor, 
UCN-01  (7),  histone  deacetylase  inhibitors  (8),  and  the 
chemotherapeutic  agent  etoposide  (9),  show  synergistic 
antitumor  effects. 

It  is  well  known  that  there  are  two  major  apoptotic 
pathways  used  by  mammalian  cells  to  undergo  apoptosis. 
One  pathway  involves  signals  transduced  through  death 
receptors  known  as  the  extrinsic  apoptotic  pathway;  the 
second  pathway  relies  on  signals  from  the  mitochondria 
called  the  intrinsic  apoptotic  pathway.  Both  pathways 
involve  the  activation  of  a  set  of  caspases,  which  in  turn, 
cleave  cellular  substrates  and  result  in  the  characteristic 
morphologic  and  biochemical  changes  constituting  the 
process  of  apoptosis  (10,  11).  The  extrinsic  pathway  is 
characterized  by  the  oligomerization  of  cell  surface  death 
receptors  and  activation  of  caspase-8,  whereas  the  intrinsic 
pathway  involves  in  the  disruption  of  mitochondrial 
membranes,  the  release  of  cytochrome  c,  and  the  activation 
of  caspase-9.  Through  caspase-8 -mediated  cleavage  or 
truncation  of  Bid,  the  extrinsic  death  receptor  apoptotic 
pathway  is  linked  to  the  intrinsic  mitochondrial  apoptotic 
pathway  (10,  11). 

Molecules  that  can  block  the  extrinsic  apoptotic  pathway 
include  cellular  FLICE-inhibitory  protein  (c-FLIP).  c-FLIP 
prevents  caspase-8  activation  by  death  receptors.  There 
are  two  major  isoforms  of  c-FLIP:  FLIPl  consists  of  two 
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NH2-terminal  death  effector  domains  and  a  COOH- 
terminal  caspase  homology  domain  devoid  of  enzymatic 
activity,  whereas  FLIPS  is  only  composed  of  the  NH2- 
terminal  death  effector  domains  and  a  short  COOH- 
terminal  stretch  of  amino  acids  not  found  in  FLIPl.  It  has 
been  shown  that  c-FLIP  expression  correlates  with  resis¬ 
tance  against  death  receptor -induced  apoptosis  in  a 
variety  of  cancer  cells,  and  c-FLIP -transfected  tumor  cell 
lines  develop  more  aggressive  tumors  in  vivo  (12,  13).  In 
addition,  many  studies  have  shown  that  down-regulation 
of  c-FLIP  is  sufficient  to  confer  sensitivity  against  death 
receptor -induced  apoptosis,  whereas  c-FLIP  expression  is 
associated  with  chemoresistance  and  down-regulation  of 
c-FLIP  using  antisense  oligonucleotides  or  small  interfering 
RNAs  (siRNA)  sensitizes  cells  to  chemotherapeutic  agent - 
induced  apoptosis  (12-14). 

Akt  is  known  to  be  critical  for  tumor  cell  survival.  One  of 
the  ways  that  Akt  promotes  cell  survival  is  to  inhibit 
apoptosis  through  its  ability  to  phosphorylate  several 
proapoptotic  proteins  such  as  Bad,  which  are  involved  in 
the  regulation  of  the  intrinsic  apoptotic  pathway  (15). 
Moreover,  Akt  also  inhibits  the  extrinsic  death  receptor - 
mediated  apoptotic  pathway  through  up-regulation  of 
c-FLIP  expression  (16,  17).  Thus,  Akt  negatively  regulates 
apoptosis  by  suppressing  both  the  mitochondria-  and  death 
receptor -mediated  pathways. 

The  induction  of  apoptosis  by  perifosine  has  been 
observed  in  several  cancer  cell  lines  (3,  8,  9,  18).  However, 
this  effect  has  not  been  determined  in  non -small  cell  lung 
cancer  (NSCLC)  cells.  Moreover,  the  mechanisms  by  which 
perifosine  induces  apoptosis  is  generally  unknown.  In 
this  study,  we  examined  the  effects  of  perifosine  on 
apoptosis  in  human  NSCLC  cells  and  its  modulation  on 
different  apoptotic  molecules  in  an  attempt  to  understand 
its  mechanisms  of  action.  Our  data  show  that  perifosine 
induces  apoptosis,  inhibits  Akt  activation,  up-regulates 
death  receptor  5  (DR5)  expression,  and  reduces  c-FLIP 
levels  in  NSCLC  cells.  In  addition,  perifosine  in  combina¬ 
tion  with  tumor  necrosis  factor -related  apoptosis-inducing 
ligand  (TRAIL)  augments  the  induction  of  apoptosis. 

Materials  and  Methods 

Reagents 

Perifosine  was  supplied  by  Keryx  Biopharmaceuticals, 
Inc.  This  agent  was  dissolved  in  PBS  and  stored  at  —  20 °C. 
Stock  solution  was  diluted  to  the  appropriate  concentra¬ 
tions  with  growth  medium  immediately  before  use. 
Human  recombinant  TRAIL  was  purchased  from  Pepro- 
Tech,  Inc. 

Cell  Lines  and  Cell  Culture 

The  human  NSCLC  cell  lines  used  in  this  study  were 
described  previously  (19).  H157  cell  lines  that  stably 
express  ectopic  Lac  Z  (Lac  Z-5)  and  FLIPl  (FLIPl-6), 
respectively,  and  A549  cell  lines  that  stably  express  ectopic 
Lac  Z  (Lac  Z-9)  and  FLIPl  (FLIPl-2),  respectively,  were 
described  previously  (20,  21).  These  cell  lines  were  grown 
in  a  monolayer  culture  in  RPMI  1640  supplemented  with 


glutamine  and  5%  fetal  bovine  serum  at  37 °C  in  a 
humidified  atmosphere  consisting  of  5%  C02  and  95%  air. 

Cell  Growth  Assay 

Cells  were  cultured  in  96-well  cell  culture  plates  and 
treated  the  next  day  with  the  agents  indicated.  Viable  cell 
number  was  estimated  using  the  sulforhodamine  B  assay, 
as  previously  described  (19). 

Western  Blot  Analysis 

Preparation  of  whole  cell  protein  lysates  and  Western 
blot  analysis  were  described  previously  (22,  23).  Mouse 
anti-caspase-3  monoclonal  antibody  was  purchased  from 
Imgenex.  Rabbit  polyclonal  antibodies  against  PTEN,  Akt, 
phospho  (p)-Akt  (Ser473),  phospho  (p)-FKHR  (Ser256), 
phospho  (p)-GSK3|3  (Ser9),  c-Jun,  phospho  (p)-c-Jun 
(Ser63),  p44/42,  phospho  (p)-p44/42  (Thr202/Tyr204),  sur- 
vivin,  caspase-8,  caspase-9,  poly(ADP-ribose)  polymerase 
(PARP)  were  purchased  from  Cell  Signaling  Technology. 
Rabbit  polyclonal  anti-DR5  antibody  was  purchased  from 
ProSci,  Inc.  Mouse  monoclonal  anti-FLIP  antibody  (NF6) 
was  purchased  from  Alexis  Biochemicals.  Rabbit  anti- 
G3PDH  polyclonal  antibody  and  mouse  anti-Bax  monoclo¬ 
nal  antibody  were  purchased  from  Trevigen.  Rabbit 
anti-Puma  polyclonal  antibody  was  purchased  from  EMD 
Biosciences,  Inc.  Mouse  anti-Bcl-2  and  rabbit  anti-Bcl-XL 
antibodies  were  purchased  from  Santa  Cruz  Biotechnology, 
Inc.  Rabbit  anti-|3-actin  polyclonal  antibody  was  pur¬ 
chased  from  Sigma  Chemicals.  Secondary  antibodies,  goat 
anti-mouse  and  goat  anti-rabbit  horseradish  peroxidase 
conjugates,  were  purchased  from  Bio-Rad. 

Adenoviral  Infection 

Adenovirus  harboring  an  empty  vector  (Ad-CMV)  or 
a  constitutively  activated  form  of  Akt  (myristoylated  Akt; 
Ad-myr-Akt)  were  provided  by  Lily  Yang  (Department  of 
Surgery,  Emory  University  School  of  Medicine,  Atlanta, 
GA).  The  procedure  for  adenoviral  infection  of  cancer  cells 
was  described  previously  (24). 

Gene  Silencing  Using  siRNA 

Silencing  of  caspase-8,  DR5,  c-FLIP,  and  PTEN  were 
achieved  by  transfecting  siRNA  using  RNAifect  transfec¬ 
tion  reagent  (Qiagen)  following  the  instructions  of  the 
manufacturer.  Control,  caspase-8,  and  DR5  siRNAs  were 
described  previously  (22).  These  siRNAs  and  c-FLIP  siRNA 
targeting  the  sequence  5'-AATTCTCCGAACGTGTCAC- 
GT-3'  (14)  were  all  synthesized  from  Qiagen.  PTEN  siRNA 
was  purchased  from  Cell  Signaling.  Cells  were  plated  in 
6-  or  24-well  cell  culture  plates  and  transfected  with  the 
given  siRNAs  the  next  day.  After  24  h,  the  cells  were 
trypsinized  and  replated  in  new  plates,  and  on  the  second 
day,  treated  with  perifosine  as  indicated.  Gene  silencing 
effects  were  evaluated  by  Western  blot  as  described  above 
after  the  indicated  times  of  treatment. 

Apoptosis  Assays 

Apoptosis  was  detected  either  by  analysis  of  caspase 
activation  using  Western  blot  analysis  as  described  above 
or  by  Annexin  V  staining  using  Annexin  V-PE  apoptosis 
detection  kit  (BD  Bioscience)  following  the  instructions  of 
the  manufacturer,  and  analyzed  by  flow  cytometry  using 
FACScan  (Becton  Dickinson).  In  addition,  we  measured 
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the  amounts  of  cytoplasmic  histone-associated  DNA 
fragments  (mononucleosome  and  oligonucleosomes) 
formed  during  apoptosis  using  a  Cell  Death  Detection 
ELISAplus  kit  (Roche  Molecular  Biochemicals)  according  to 
the  instructions  of  the  manufacturer. 

Results 

Effects  of  Perifosine  on  Cell  Survival  and  Apoptosis 
in  NSCLC  Cells 

The  effects  of  perifosine  on  cell  survival  were  examined 
in  a  panel  of  NSCLC  cell  lines  (Fig.  1A).  For  the  majority  of 
the  cell  lines  tested,  there  was  a  dose-dependent  decrease 
in  cell  survival.  The  H460  cell  line  was  the  most  sensitive 
to  perifosine,  showing  an  IC50  value  of  ~1  pmol/L.  The 
H226  cell  line  was  the  most  resistant  to  perifosine,  in  which 
perifosine  at  20  pmol/L  decreased  cell  survival  by  <20%. 
Most  of  the  tested  cell  lines  exhibited  moderate  response  to 
perifosine  with  IC50s  ranging  from  8  to  15  pmol/L  (Fig.  1A), 
which  are  within  the  clinically  achievable  and  safe  peak 
plasma  concentrations  of  12  to  15  pmol/L  (25,  26).  The  p53 
and  PTEN  mutation  status  in  the  NSCLC  cell  lines  tested 
did  not  correlate  with  sensitivity  to  perifosine,  suggesting 
that  perifosine  inhibits  cell  growth  independently  of  p53 
and  PTEN  mutation  status  (Fig.  1A).  In  addition,  we 
examined  the  protein  expression  levels  of  PTEN,  total  Akt, 
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Figure  1 .  Effects  of  perifosine  on  the  survival  of  NSCLC  cells  (A)  and 
their  association  with  basal  levels  of  p-Akt  (B).  A,  cell  lines  treated  with 
different  concentrations  of  perifosine  (PRFS)  ranging  from  1  to  20  |amol/L. 
After  3  d,  the  cells  were  subjected  to  sulforhodamine  B  assay  for 
estimating  the  viable  cells.  In  addition,  the  p53  status  and  PTEN  status  of 
the  cell  lines  were  also  indicated.  Points,  means  of  four  replicate 
determinations;  bars,  SD.  B,  cell  lines  with  similar  cell  densities  were 
harvested  for  the  preparation  of  whole  cell  protein  lysates.  The  indicated 
proteins  were  analyzed  by  Western  blot  analysis. 


and  p-Akt  in  the  cell  lines  tested.  It  seemed  that  those  cell 
lines  (e.g.,  H460  and  H358)  with  low  levels  of  p-Akt  and 
high  levels  of  PTEN  were  the  most  sensitive  to  perifosine 
(Fig.  IB). 

We  further  examined  the  effects  of  perifosine  on 
apoptosis  in  NSCLC  cell  lines.  As  shown  in  Fig.  2A, 
perifosine  induced  apoptosis  in  H460  and  A459  cells  as 
indicated  by  Annexin  V- positive  staining.  At  concentra¬ 
tions  of  10  pmol/L,  perifosine  induced  cell  death  in  ~50% 
of  H460  cells,  whereas  apoptosis  was  induced  in  23% 
and  33%  of  the  A549  cells  after  treatment  with  10  and 
15  pmol/L  of  perifosine,  respectively,  suggesting  that  the 
H460  cells  were  more  sensitive  to  perifosine-induced 
apoptosis.  The  H157  cells  were  the  least  sensitive  to 
perifosine-induced  apoptosis  with  only  10%  of  H157  cells 
undergoing  apoptosis  after  treatment  with  15  pmol/L  of 
perifosine.  We  found  that  perifosine  at  concentrations 
ranging  from  2.5  to  10  pmol/L  induced  cleavage  of 
caspase-8,  caspase-9,  caspase-3,  and  PARP  in  H460  cells, 
whereas  it  induced  partial  cleavage  of  the  caspases  and 
PARP  only  at  10  pmol/L  in  A549  cells  (Fig.  2B).  In  H157 
cells  treated  with  perifosine  (up  to  10  pmol/L),  we  failed  to 
detect  cleaved  bands  of  the  caspases  and  PARP  (Fig.  2B). 
Because  perifosine  is  effective  in  decreasing  cell  number  in 
H157  cells  (Fig.  1),  we  further  examined  cell  cycle  alteration 
in  H157  cells  after  exposure  to  perifosine  and  detected 
17.9%,  35.8%,  and  42.4%  G2-M  cells  in  cells  treated  with 
PBS,  10  pmol/L  of  perifosine,  and  15  pmol/L  of  perifosine, 
respectively,  after  a  48  h  treatment,  indicating  that 
perifosine  primarily  decreases  cell  numbers  in  H157  cells 
via  induction  of  cell  cycle  arrest.  In  the  following  studies, 
we  focused  on  revealing  the  mechanisms  underlying 
perifosine-induced  apoptosis. 

Effects  of  Perifosine  on  the  Phosphorylation  of  Akt, 
JNK,  and  ERK 

Perifosine  has  been  shown  to  modulate  Akt  as  well  as 
other  signaling  pathways  (6, 18, 27).  We  therefore  examined 
whether  perifosine  modulated  similar  signal  transduction 
pathways  in  human  NSCLC  cells.  In  examining  Akt 
phosphorylation,  we  observed  that  both  H460  and  A549 
cells  have  very  low  basal  levels  of  p-Akt,  whereas  H157 
cells  have  much  higher  basal  levels  of  p-Akt.  When 
comparing  the  apoptosis  results  presented  in  Fig.  2A,  it 
seems  that  low  basal  levels  of  p-Akt  correlated  with  high 
sensitivity  to  perifosine-induced  apoptosis.  These  cell  lines 
exhibited  a  concentration-dependent  decrease  in  p-Akt 
levels  when  exposed  to  perifosine  (p-Akt  levels  were  only 
detectable  in  H460  cells  after  a  very  long  exposure). 
Interestingly,  perifosine  also  decreased  the  levels  of  total 
Akt  in  the  tested  cell  lines  (Fig.  3A)  and  the  degree  of  Akt 
down-regulation  also  seemed  to  correlate  with  cell  sensi¬ 
tivity  to  perifosine-induced  apoptosis.  In  H460  cells, 
decreases  in  both  Akt  and  p-Akt  levels  occurred  at  3  h  after 
treatment  with  perifosine  (Fig.  3B),  indicating  that  Akt 
down-regulation  is  an  early  event.  In  H157  cells,  Akt  levels 
were  only  slightly  decreased,  whereas  p-Akt  levels  were 
substantially  (by  2.5  pmol/L  of  perifosine)  and  rapidly 
(3  h  posttreatment)  reduced  upon  perifosine  treatment 
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(Fig.  3 A  and  B).  These  results  suggest  that  the  perifosine- 
mediated  decrease  in  p-Akt  levels  could  be  due  to  either 
Akt  protein  down-regulation  or  upstream  signaling  sup¬ 
pression,  depending  on  the  cell  lines  used.  To  our 
knowledge,  this  is  the  first  demonstration  that  perifosine 
down-regulates  the  levels  of  total  Akt  in  human  cancer 
cells.  We  also  detected  a  decrease  in  the  levels  of  p-FKHR 
and  p-GSK3|3,  two  well-known  substrates  of  Akt  (Fig.  3B), 
furthering  the  notion  that  perifosine  inhibits  Akt  signaling 
in  NSCLC  cells. 

In  examining  other  signal  transduction  pathways,  we 
observed  the  basal  levels  of  p-c-Jun  were  very  low  in  the 
tested  NSCLC  cells  and  were  only  slightly  increased  by 
perifosine  in  H157  cells,  indicating  that  perifosine-induced 
JNK  activation  was  a  cell  line -dependent  event.  Perifosine 
did  not  alter  the  levels  of  p42/44,  but  did  decrease  the 
levels  of  p-p42/44  in  all  three  cell  lines  tested  (Fig.  3A). 
These  data  indicate  that  perifosine  down-regulates  the  ERK 
(or  p42/44)  signaling  pathway  in  NSCLC  cells. 

Enforced  Akt  Activation  Attenuates  Perifosine- 
induced  Apoptosis 

To  decipher  the  role  of  Akt  inhibition  in  perifosine- 
induced  apoptosis,  we  artificially  activated  Akt  in  H460 
cells  by  infecting  the  cells  with  adenoviruses  carrying  a 


myr-Akt  gene  that  codes  a  constitutively  activated  form  of 
Akt,  and  then  examined  the  response  of  these  cells  to 
perifosine  treatment.  Using  Western  blot  analysis,  we 
detected  high  levels  of  myr-Akt,  p-Akt,  and  p-GSK3|3  in 
cells  infected  with  Ad-myr-Akt  (Fig.  3C).  In  addition, 
infection  of  cells  with  Ad-myr-Akt  also  elevated  the  levels 
of  c-FLIP,  which  has  been  shown  to  be  regulated  by  Akt. 
(refs.  16,  17;  Fig.  3C).  In  Ad-CMV- infected  control  cells, 
treatment  with  perifosine  caused  37%  apoptotic  cell  death 
(9%  in  PBS-treated  cells)  plus  15.2%  necrotic  cell  death. 
However,  we  detected  only  16%  apoptosis  ( ~  12%  in  PBS- 
treated  cells)  and  <2%  necrosis  in  cells  infected  with 
Ad-myr-Akt  after  treatment  with  perifosine  (Fig.  3D). 
These  results  clearly  show  that  enforced  Akt  activation 
restores  cell  resistance  to  perifosine-induced  apoptosis, 
thus  indicating  that  Akt  inhibition  is  necessary  in  mediat¬ 
ing  perifosine-induced  apoptosis. 

Given  that  there  is  an  inverse  relationship  between  PTEN 
expression  and  p-Akt  levels  (Fig.  IB),  we  further  deter¬ 
mined  whether  down-regulation  of  PTEN  affects  p-Akt 
levels  and  cell  sensitivity  to  perifosine.  Knockdown  of 
PTEN  using  PTEN  siRNA  in  H460  cells,  which  is  the  most 
sensitive  cell  line  to  perifosine  and  have  the  highest  levels 
of  PTEN  (Fig.  1),  increased  basal  levels  of  p-Akt.  However, 
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Figure  2.  Effects  of  perifosine  on 
apoptosis  induction  (A)  and  caspase 
activation  (B),  and  involvement  of 
caspase-8  activation  in  perifosine- 
induced  apoptosis  (C  and  D)  in 
NSCLC  cells.  A,  cell  lines  treated  with 
the  given  concentrations  of  perifosine 
(PRFS)  for  24  h  and  harvested  for  the 
estimation  of  apoptosis  by  Annexin  V 
staining.  Early  apoptotic  (bottom 
right),  late  apoptotic  (top  right),  and 
necrotic  (top  left)  cells.  B,  the  indi¬ 
cated  cell  lines  were  treated  with  the 
given  concentrations  of  perifosine  for 
1 6  h  and  harvested  for  the  detection 
of  caspase  cleavage  by  Western  anal¬ 
ysis.  C  and  Df  H460  cells  were 
seeded  in  24-well  plates  and  trans¬ 
fected  with  control  (Ctrl)  or  caspase- 
8  siRNA  the  next  day.  After  ~  24  h, 
the  cells  were  trypsinized  and  replated 
in  new  6-well  (C)  or  96-well  (D) 
plates.  On  the  second  day,  the  cells 
were  treated  with  PBS  or  5  ^imol/L  of 
perifosine.  After  16  h,  the  cells  were 
subjected  to  Western  blot  analysis  for 
the  indicated  proteins  (C)  or  ELISA  for 
measurement  of  DNA  fragments  (D). 
CF,  cleaved  form.  Columns,  means  of 
triplicate  determinations;  bars,  SD. 
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Figure  3.  Modulation  of  Akt,  JNK, 
and  ERK  signaling  pathways  by  perifo- 
sine  (A  and  B),  and  involvement  of  Akt 
inhibition  in  perifosine-induced  apopto¬ 
sis  (C  and  D)  in  human  NSCLC  cells. 
A  and  B,  NSCLC  cell  lines  treated  with 
the  given  concentrations  of  perifosine 
(PRFS)  for  16  h  (A)  or  with  10  gmol/L 
(HI  57)  or  5  gmol/L  (H460)  of  perifosine 
for  the  indicated  times  (B).  The  cells 
were  then  subjected  to  a  preparation  of 
whole  cell  protein  lysates  and  subse¬ 
quent  detection  of  the  indicated  proteins 
using  Western  blot  analysis.  C  and  D, 
H460  cells  were  infected  with  a  multi¬ 
plicity  of  infection  of  200  Ad-CMV  or 
Ad-myr-Akt.  Twenty-four  hours  later, 
the  cells  were  exposed  to  10  gmol/L  of 
perifosine.  After  24  h,  the  cells  were 
harvested  for  analysis  of  the  given 
proteins  by  Western  blotting  (C)  and 
for  the  detection  of  apoptosis  by 
Annexin  V  staining  (D).  SE,  short 
exposure. 
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the  p-Akt  increase  caused  by  PTEN  knockdown  could  be 
abrogated  by  perifosine  treatment.  Surprisingly,  perifosine 
decreased  PTEN  levels,  which  itself  did  not  result  in  an 
increase  of  p-Akt  levels,  probably  because  perifosine  also 
inhibits  Akt  phosphorylation  (see  Supplemental  Fig.  SI  A).1 
As  a  result,  down-regulation  of  PTEN  by  siRNA  did  not 
alter  cell  sensitivity  to  perifosine  as  shown  by  measuring 
cell  number  change  (Supplemental  Fig.  SIB),1  caspase 
activation  (Supplemental  Fig.  S1A),1  and  apoptotic  cells 
(Supplemental  Fig.  SIC).1 

Effects  of  Perifosine  on  the  Expression  of  Key 
Molecules  Involved  in  the  Regulation  of  Apoptosis 

To  further  explore  how  perifosine  induces  apoptosis, 
we  next  examined  the  effects  of  perifosine  on  the 
expression  of  several  key  genes  involved  in  either  the 
extrinsic  apoptotic  pathway  (e.g.,  DR5  and  c-FLIP)  or 
the  intrinsic  apoptotic  pathway  (e.g.,  Bax,  Bcl-2,  Bcl-XL, 
PUMA,  and  survivin).  Perifosine  increased  the  levels  of 
DR5,  particularly  in  H460  cells  (Fig.  4).  It  seems  that  DR5 
induction  is  associated  with  increased  sensitivity  of  cell 
lines  to  perifosine.  c-FLIP  is  another  key  protein  that 


1  Supplementary  material  for  this  article  is  available  at  Molecular  Cancer 

Therapeutics  Online  (http://mct.aacrjournals.org/). 


inhibits  the  extrinsic  apoptotic  pathway  by  blocking 
caspase-8  activation  (12).  The  H460  cells,  which  are  the 
most  sensitive  to  perifosine,  had  very  low  basal  levels  of 
c-FLIP,  particularly  FLIPl,  which  were  further  down- 
regulated  by  perifosine,  whereas  the  less  sensitive  A549 
and  H157  cells  have  high  basal  levels  of  c-FLIP,  particularly 
FLIPl,  which  were  only  weakly  decreased  by  perifosine. 
Perifosine  also  decreased  FLIPS  levels  in  these  cell  lines 
(Fig.  4).  It  seems  that  low  levels  of  c-FLIP  and  their  further 
down-regulation  by  perifosine  were  associated  with  high 
sensitivity  to  perifosine-induced  apoptosis.  Collectively, 
these  results  suggest  that  activation  of  the  DR5-mediated 
extrinsic  apoptotic  pathway  is  important  in  perifosine- 
induced  apoptosis. 

In  examining  the  signaling  molecules  involved  in  the 
intrinsic  apoptotic  pathway,  we  found  that  perifosine  did 
not  significantly  alter  the  levels  of  Bcl-2  in  NSCLC  cells 
(Fig.  4).  Surprisingly,  perifosine  decreased  Bax  levels  in  all 
the  tested  NSCLC  cell  lines.  Perifosine  decreased  Bcl-XL 
levels  in  H460  cells  that  were  very  sensitive  to  perifosine, 
but  not  in  A549  and  H157  cells  that  were  less  sensitive  to 
perifosine  (Fig.  4).  These  data  suggest  that  Bcl-XL  down- 
regulation  may  affect  cell  sensitivity  to  undergo  perifosine- 
induced  apoptosis.  H460  cells  had  low  basal  levels  of 
survivin,  which  were  further  decreased  by  perifosine. 
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Figure  4.  Modulation  of  apoptosis- 
related  gene  expression  by  perifosine 
(A)  and  demonstration  of  the  role  of 
DR5  induction  in  perifosine-induced  ap¬ 
optosis  (B  and  C)  in  human  NSCLC  cells. 
A,  NSCLC  cell  lines  treated  with  the 
given  concentrations  of  perifosine 
(PRFS)  for  16  h.  The  cells  were  then 
subjected  to  a  preparation  of  whole  cell 
protein  lysates  and  subsequent  detec¬ 
tion  of  the  indicated  proteins  using 
Western  blot  analysis.  B  and  C,  H460 
cells  were  seeded  in  six-well  plates  and 
transfected  with  control  (Ctrl)  or  DR5 
siRNA  the  next  day.  After  ~  20  h,  the 
cells  were  trypsinized  and  replated  in 
new  6-well  (B)  or  96-well  (C)  plates.  On 
the  second  day,  the  cells  were  treated 
with  PBS  or  7.5  |dmol/L  of  perifosine. 
After  1 6  h,  the  cells  were  subjected  to 
Western  blot  analysis  for  the  detection 
of  the  indicated  proteins  (B)  or  ELISA  for 
the  measurement  of  DNA  fragments  (C). 
Columns ,  means  of  triplicate  determi¬ 
nations;  bars ,  SD;  CF,  cleaved  form. 


whereas  HI 57  and  A549  cells  had  high  levels  of  survivin, 
which  were  apparently  not  altered  by  perifosine  (Fig.  4). 
Thus,  it  seems  that  low  basal  levels  of  survivin  and  its 
further  down-regulation  with  perifosine  are  also  associated 
with  increased  cell  sensitivity  to  perifosine-induced  apo¬ 
ptosis.  PUMA  was  slightly  increased  in  A549  and  H157 
cells,  but  not  in  H460  cells,  suggesting  that  PUMA  was  not 
important  in  perifosine-induced  apoptosis. 

Perifosine  Cooperates  with  TRAIL  to  Enhance  the 
Induction  of  Apoptosis 

Because  perifosine  induces  DR5  expression  and  down- 
regulates  c-FLIP  levels,  we  hypothesized  that  perifosine 
would  cooperate  with  TRAIL,  a  DR5  ligand,  to  enhance  the 
induction  of  apoptosis.  Thus,  we  examined  the  effects  of 
perifosine  in  combination  with  TRAIL  on  apoptosis 
induction  in  NSCLC  cells.  As  shown  in  Fig.  5A,  perifosine 
in  combination  with  TRAIL  induced  higher  levels  of  DNA 
fragments  than  did  each  single  agent  alone.  Moreover, 
increased  amounts  of  cleaved  caspase-8,  caspase-9,  cas- 
pase-3,  and  PARP  were  detected  in  cells  treated  with  the 
perifosine  and  TRAIL  combination,  but  were  only  mini¬ 
mally  detected  in  cells  treated  with  either  perifosine  or 
TRAIL  alone  (Fig.  5B).  Thus,  we  conclude  that  perifosine 
cooperates  with  TRAIL  to  enhance  the  induction  of 
apoptosis. 

Perifosine  Induces  Apoptosis  Requiring  Caspase- 
8  Activation  and  DR5  Up-regulation 

The  data  presented  above  strongly  suggest  a  role  for  the 
activation  of  the  extrinsic  apoptotic  pathway  in  perifosine- 
induced  apoptosis.  Thus,  we  determined  whether  perifo¬ 
sine  induces  apoptosis  requiring  activation  of  caspase-8  and 
up-regulation  of  DR5.  To  this  end,  we  silenced  the 


expression  of  caspase-8  and  DR5  using  caspase-8  and 
DR5  siRNAs,  respectively,  and  then  examined  cell  sensi¬ 
tivity  to  perifosine.  By  Western  blotting,  we  detected 
substantially  reduced  levels  of  caspase-8  levels  including 
cleaved  forms  in  H460  cells  transfected  with  caspase-8 
siRNA  compared  with  those  in  control  siRNA-transfected 
cells  (Fig.  2C),  indicating  successful  caspase-8  knockdown 
or  inhibition  of  caspase-8  activation.  Accordingly,  cleavage 
of  caspase-3  and  PARP  and  an  increase  in  DNA  fragmen¬ 
tation  were  also  attenuated  in  caspase-8  siRNA-transfected 
cells  in  comparison  with  control  siRNA-transfected  cells 
(Fig.  2C  and  D).  These  results  indicate  that  perifosine 
induces  a  caspase-8 -dependent  apoptosis.  Similarly,  silenc¬ 
ing  of  DR5  expression  using  DR5  siRNA  abrogated  DR5 
induction  (Fig.  4B)  and  impaired  the  ability  of  perifosine  to 
induce  cleavage  of  caspase-8,  caspase-3,  and  PARP  (Fig.  4B). 
In  addition,  an  increase  in  DNA  fragmentation  in  DR5 
siRNA-transfected  cells  was  also  reduced  compared  with 
control  siRNA-transfected  cells  (Fig.  4C).  These  data  show 
that  DR5  up-regulation  is  also  involved  in  perifosine- 
induced  apoptosis. 

Manipulation  of  c-FLIP  Levels  Regulates  Cell  Sensitiv¬ 
ity  to  Perifosine-induced  Apoptosis  and  Enhancement 
of  TRAIL-Induced  Apoptosis 

To  further  show  that  the  activation  of  the  extrinsic 
apoptotic  pathway  participates  in  perifosine-induced  apo¬ 
ptosis,  we  examined  the  sensitivity  of  cell  lines  that  express 
ectopic  FLIPl  to  perifosine-induced  apoptosis.  As  pre¬ 
sented  in  Fig.  6A,  perifosine  increased  DNA  fragmentation 
in  a  dose-dependent  fashion  in  H157-Lac  Z-5  cells,  but  only 
minimally  in  H157-FLIPl-6  cells.  As  a  positive  control 
treatment,  TRAIL-induced  increase  in  DNA  fragmentation 
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was  abolished  in  H157-FLIPl-6  cells.  Similarly,  perifosine- 
induced  increase  in  DNA  fragmentation  was  also  abrogat¬ 
ed  in  A549-FLIPl-2  cells  in  comparison  with  A549-Lac  Z-9 
cells  (Fig.  6B).  Together,  these  results  clearly  show  that 
overexpression  of  ectopic  c-FLIP  protects  cells  from 
perifosine-induced  apoptosis. 

Because  c-FLIP  down-regulation  was  often  associated 
with  the  enhancement  of  TRAIL-induced  apoptosis  (20,  21, 
28),  we  further  compared  apoptosis  induction  by  the 
combination  of  perifosine  and  TRAIL  between  A549-Lac 
Z-9  and  A549-FLIPl-2  cell  lines.  In  agreement  with  the 
results  presented  in  Fig.  5,  the  combination  of  perifosine 
and  TRAIL  was  much  more  potent  than  either  perifosine 
or  TRAIL  alone  in  increasing  DNA  fragmentation  in  A549- 
Lac  Z-9  cells.  However,  not  only  perifosine  and  TRAIL 
alone  but  also  their  combination  exhibited  minimal  effects 
on  increasing  DNA  fragmentation  in  A549-FLIPl-2  cells 
(Fig.  6B).  These  results  clearly  show  that  overexpression  of 
ectopic  c-FLIP  confers  cell  resistance  to  the  combination  of 
perifosine  and  TRAIL,  indicating  that  c-FLIP  down- 
regulation  contributes  to  perifosine-mediated  enhancement 
of  TRAIL-induced  apoptosis. 

Because  the  cell  lines,  A549  and  H157,  with  high  basal 
levels  of  c-FLIP  were  relatively  less  sensitive  than  H460 


cells  which  have  low  basal  levels  of  c-FLIP  to  perifosine- 
induced  apoptosis,  we  wanted  to  determine  whether 
down-regulation  of  c-FLIP  sensitized  cells  to  perifosine- 
induced  apoptosis.  To  this  end,  we  silenced  the  expres¬ 
sion  of  c-FLIP  (both  FLIPl  and  FLIPS)  using  siRNA  in 
A549  cells,  and  then  examined  their  response  to  peri¬ 
fosine-induced  apoptosis.  As  presented  in  Fig.  6C, 
transfection  of  c-FLIP  siRNA  reduced  the  levels  of  both 
FLIPl  and  FLIPS,  which  were  further  reduced  after 
treatment  with  perifosine.  Those  cells  whose  expression 
of  c-FLIP  had  been  reduced  with  siRNA  were  more 
sensitive  to  caspase-8,  caspase-3,  and  PARP  cleavage  after 
perifosine  treatment  compared  with  control  cells,  indicat¬ 
ing  that  c-FLIP  levels  indeed  affect  cell  sensitivity  to 
perifosine-induced  apoptosis. 

Discussion 

In  this  study,  we  have  shown  that  perifosine  exerts  its 
growth-inhibitory  effects  in  a  panel  of  NSCLC  cell  lines, 
primarily  through  the  induction  of  apoptosis  and/or  cell 
cycle  arrest.  Importantly,  perifosine  inhibited  the  growth 
of  most  of  the  tested  NSCLC  cell  lines  with  IC50s  ranging 
between  8  and  15  pmol/L  (Fig.  1A),  which  are  within  the 
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Figure  5.  Perifosine  cooperates  with 
TRAIL  to  enhance  DNA  fragmentation  (A) 
and  caspase  activation  (B)  in  human  NSCLC 
cells.  A,  cell  lines  plated  in  96-well  plates  and 
treated  with  the  given  doses  of  perifosine 
(PRFS)  alone,  20  ng/mL  TRAIL  alone,  or 
TRAIL  plus  perifosine  on  the  second  day. 
After  24  h,  the  cells  were  subjected  to  DNA 
fragmentation  using  the  Cell  Death  Detection 
ELISA  kit.  Columns,  means  of  triplicate 
determinations;  bars,  SD.  B,  HI  57  cells  were 
treated  with  perifosine  alone,  TRAIL  alone, 
and  their  combinations.  After  16  h,  the  cells 
were  subjected  to  a  preparation  of  whole  cell 
protein  lysates  and  subsequent  detection  of 
the  indicated  proteins  by  Western  blot  anal¬ 
ysis.  c,  cleaved. 
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Figure  6.  Overexpression  of  ectop¬ 
ic  c-FLIP  (A  and  B)  and  silencing  of 
c-FLIP  expression  (C)  modulate  cell 
sensitivity  to  perifosine-induced  apo¬ 
ptosis.  A,  HI  57  cell  lines  that  stably 
express  Lac  Z  and  FLIPl,  respectively, 
were  treated  with  the  indicated  con¬ 
centrations  of  perifosine  (PRFS)  or 
TRAIL.  B,  A549  cell  lines  that  stably 
express  Lac  Z  and  FLIPl,  respectively, 
were  exposed  to  10  |dmol/L  of  peri¬ 
fosine,  20  ng/mL  of  TRAIL,  and  the 
combination  of  perifosine  and  TRAIL 
(P  +  T).  Twenty-four  hours  later, 
after  the  aforementioned  treatment, 
the  cells  were  subjected  to  estimation 
of  DNA  fragmentation  using  the  Cell 
Death  Detection  ELISA  kit.  Columns , 
mean  of  triplicate  determinations; 
bars ,  SD.  C,  A549  cells  plated  in 
24-well  plates  were  transfected  with 
control  (Ctrl)  or  c-FLIP  siRNA.  Twenty- 
four  hours  later,  the  cells  were  ex¬ 
posed  to  10  |amol/L  of  perifosine 
(PRFS).  After  24  h,  the  cells  were 
subjected  to  a  preparation  of  whole 
cell  protein  lysates  and  subsequent 
detection  of  the  indicated  proteins 
using  Western  blot  analysis.  CFs, 
cleaved  fragments. 


clinically  achievable  and  safe  peak  plasma  concentration 
ranges  (i.e.,  10-15  pmol/L;  refs.  25,  26),  suggesting  the 
potential  of  perifosine  in  the  treatment  of  NSCLCs. 

Modulation  of  Akt,  JNK,  and  ERK  signaling  pathways 
and  their  involvement  in  perifosine-induced  apoptosis  has 
been  studied  in  other  types  of  cancer  cells  (4,  18,  27). 
Despite  the  proapoptotic  role  of  JNK  activation  in 
perifosine-induced  apoptosis  in  multiple  myeloma  (18), 
we  found  that  perifosine  increased  p-c-Jun  only  in  one  (i.e., 
H157  cells)  of  three  cell  lines  tested  (Fig.  3A).  Given  that 
H157  cells  were  relatively  insensitive  to  perifosine-induced 
apoptosis  (Fig.  2),  we  suggest  that  JNK  activation  is 
unlikely  to  account  for  the  perifosine-induced  apoptosis 
in  human  NSCLC  cells.  Perifosine  was  reported  to  either 
decrease  or  increase  ERK  phosphorylation  depending  on 
cancer  cell  type  (5,  18,  27).  In  our  study,  perifosine 
decreased  ERK  phosphorylation  in  all  of  the  three  tested 
cell  lines  tested,  regardless  of  cell  sensitivity  to  TRAIL- 
induced  apoptosis.  Thus,  we  suggest  that  ERK  inhibition  is 
also  unlikely  to  be  critical  for  perifosine-induced  apoptosis 
in  human  NSCLC  cells. 

Although  perifosine  inhibits  Akt  activation  in  different 
types  of  cancer  cells  including  the  NSCLC  cells  shown  in 
the  current  study,  enforced  activation  of  Akt  through 
overexpression  of  the  constitutively  activated  form  of 
Akt,  myr-Akt,  protects  cells  from  perifosine-induced  cell 
death  in  one  type  of  cancer  cell  line  (e.g.,  PC-3  prostate 
cancer  cells;  ref.  4)  but  not  in  another  type  of  cancer  cell 
(e.g.,  MM.1S  multiple  myeloma  cells;  ref.  18).  In  our 
study,  we  found  that  the  low  basal  levels  of  p-Akt  (e.g., 
H460  <  A549  <  H157)  and  its  further  down-regulation 
were  associated  with  high  sensitivity  to  perifosine- 


induced  apoptosis  (H460  >  A549  >  H157;  Figs.  1  and 
2).  Moreover,  overexpression  of  myr-Akt  in  H460  cells 
led  to  increased  levels  of  p-Akt  and  resistance  to 
perifosine-induced  apoptosis  (Fig.  3).  Collectively,  we 
conclude  that  Akt  inhibition  plays  an  important  role  in 
mediating  perifosine-induced  apoptosis  in  human  lung 
cancer  cells.  We  noted  that  perifosine  decreased  the  levels 
of  total  Akt  in  some  NSCLC  cells  (e.g.,  H460  and  A549), 
the  potency  of  which  is  associated  with  cell  sensitivity  to 
perifosine-induced  apoptosis,  in  addition  to  decreasing 
Akt  phosphorylation.  To  the  best  of  our  knowledge,  this 
is  the  first  demonstration  that  perifosine  decreases  the 
total  levels  of  Akt.  Given  that  Akt  reduction  is  an  early 
event,  which  occurred  at  3  h  post -perifosine  treatment 
(Fig.  3B),  it  is  unlikely  that  Akt  reduction  occurs 
secondary  to  perifosine-induced  apoptosis  (e.g.,  cleavage 
by  caspase  activation).  Nevertheless,  ongoing  studies  are 
attempting  to  reveal  how  perifosine  decreases  the  levels 
of  total  Akt. 

Perifosine  activated  both  caspase-8  and  caspase-9  in 
human  NSCLC  cells  (Fig.  2B),  suggesting  that  perifosine 
can  induce  apoptosis  through  the  extrinsic  and/or  intrinsic 
apoptotic  pathways.  In  examining  several  key  proteins 
involved  in  the  regulation  of  the  extrinsic  or  intrinsic 
apoptotic  pathways,  we  found  that  perifosine  strikingly 
induced  DR5  expression  and  decreased  the  levels  of  c-FLIP 
in  all  the  cells  lines  tested,  whereas  having  limited  or  no 
modulatory  effects  on  the  levels  of  Bcl-2,  Bcl-XL,  PUMA, 
and  survivin  (Fig.  4A).  Importantly,  the  low  basal  levels  of 
c-FLIP  (e.g.,  FLIPl)  and  its  further  down-regulation  are 
associated  with  increased  sensitivity  to  undergo  perifosine- 
induced  apoptosis  (e.g.,  H460  cells).  We  noted  that  Bax 
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levels  were  lower  and  Bcl-2  levels  were  higher  in  the 
sensitive  H460  cells  than  in  less  sensitive  A549  and  H157 
cells  (Fig.  4A).  Moreover,  we  found  that  Bax  levels  were 
actually  decreased  in  cells  treated  with  perifosine,  although 
the  underlying  mechanisms  and  its  effects  on  perifosine- 
induced  apoptosis  are  unclear.  In  fact,  our  preliminary  data 
show  that  Bax  or  PUMA  deficiency  does  not  alter  cell 
sensitivity  to  perifosine-induced  apoptosis.2  Together,  we 
suggest  that  the  activation  of  the  extrinsic  apoptotic 
pathway  is  important  in  mediating  perifosine-induced 
apoptosis.  This  observation  is  supported  by  our  findings 
that  silencing  of  caspase-8  or  DR5,  or  overexpression  of 
ectopic  c-FLIP  protects  cells  from  perifosine-induced 
apoptosis  (Figs.  2,  4,  and  6),  whereas  down-regulation  of 
endogenous  c-FLIP  using  c-FLIP  siRNA  sensitizes  cells  to 
perifosine-induced  apoptosis  (Fig.  6).  In  agreement  with 
our  findings,  a  recent  study  has  shown  that  perifosine 
induces  apoptosis  through  activation  of  the  Fas-mediated 
extrinsic  apoptotic  pathway  in  human  leukemia  cells  (29). 
To  the  best  of  our  knowledge,  this  is  the  first  study  showing 
that  perifosine  modulates  the  expression  of  DR5  and  c-FLIP 
in  human  cancer  cells. 

Some  studies  have  shown  that  Akt  also  inhibits  the 
extrinsic  apoptotic  pathway  through  the  up-regulation  of 
c-FLIP  expression  (16,  17).  In  this  study,  we  have  shown 
that  perifosine  inhibits  Akt  and  reduces  c-FLIP  levels,  both 
of  which  are  involved  in  perifosine-induced  apoptosis. 
Indeed,  we  detected  increased  levels  of  c-FLIP  in  cells 
infected  with  Ad-myr-Akt  (Fig.  3C),  suggesting  that  Akt 
activation  indeed  increases  c-FLIP  levels  in  the  tested  cells. 
Thus,  it  is  possible  that  Akt  exerts  its  inhibitory  effect  on 
perifosine-induced  apoptosis  through  the  up-regulation 
of  c-FLIP.  On  other  hand,  perifosine  may  down-regulate 
c-FLIP  levels  through  inhibition  of  Akt;  this  needs  to  be 
investigated  in  detail  in  the  future. 

It  is  known  that  TRAIL  functions  as  the  DR5  ligand 
and  rapidly  induces  apoptosis  in  a  wide  variety  of 
transformed  cells  but  is  not  cytotoxic  in  normal  cells 
in  vitro  and  in  vivo  (10,  16,  17).  Therefore,  TRAIL  is 
considered  to  be  a  tumor-selective,  apoptosis-inducing 
cytokine  with  promising  potential  for  cancer  treatment 
and  is  currently  being  tested  in  phase  I  clinical  trials.  In 
our  study,  we  showed  that  the  combination  of  perifosine 
and  TRAIL  exhibited  augmented  induction  of  apoptosis 
in  human  NSCLC  cells  (Fig.  5),  which  is  likely  due  to  the 
ability  of  perifosine  to  induce  DR5  expression  and  down- 
regulate  c-FLIP  levels.  This  finding  warrants  future 
in  vivo  animal  studies  and  clinical  evaluation  of  the 
efficacy  of  perifosine  in  combination  with  TRAIL  for  the 
treatment  of  NSCLC. 
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Death  receptors  are  important  modulators  of  the  extrinsic 
apoptotic  pathway.  Activating  certain  death  receptors  such  as  death 
receptors  for  tumor  necrosis  factor-related  apoptosis-inducing 
ligand  (TRAIL)  (i.e.,  DR4  and  DR5)  selectively  kills  cancer  cells 
via  induction  of  apoptosis  while  sparing  normal  cells.  Thus,  soluble 
recombinant  TRAIL  and  agonistic  antibodies  to  DR4  or  DR5 
have  progressed  to  phase  I  and  phase  II  clinical  trials.  Many  cancer 
therapeutic  drugs  including  chemotherapeutic  agents  have  been 
shown  to  induce  the  expression  or  redistribution  at  the  cell  surface 
of  death  receptors  including  TRAIL  death  receptors.  In  addition, 
chemotherapeutic  agents  have  also  been  shown  to  enhance  induc¬ 
tion  of  apoptosis  by  TRAIL  or  agonistic  antibodies  or  overcome 
cell  resistance  to  TRAIL  or  agonistic  antibodies.  Targeted  induc¬ 
tion  of  apoptosis  by  activation  of  the  death  receptor-mediated 
extrinsic  apoptotic  pathway  should  be  an  ideal  therapeutic  strategy 
to  eliminate  cancer  cells.  Therefore,  death  receptors,  particularly 
TRAIL  death  receptors,  have  emerged  as  an  important  cancer  ther¬ 
apeutic  target.  This  article  will  focus  on  reviewing  and  discussing 
the  modulation  of  death  receptors  by  cancer  therapeutic  agents  and 
its  implications  in  cancer  therapy. 

Introduction 

Apoptosis  or  programmed  cell  death  is  a  tightly  controlled  process 
essential  for  embryonic  development  as  well  as  normal  tissue  homeo¬ 
stasis  and  the  regulation  of  cell  number  after  an  immune  response. 
Apoptosis  is  regulated  by  signals  such  as  growth  factors,  cell  damage 
and  hormones.1  Aberrant  regulation  of  apoptosis  can  lead  to  cancer. 
Tumor  cells  often  acquire  resistance  to  normal  apoptotic  signals 
allowing  for  uncontrolled  cell  growth.  The  process  of  targeting  the 
apoptotic  pathway  in  tumor  cells  while  sparing  normal  cells  is  of 
interest  in  cancer  therapy.  Such  targeted  therapy  to  induce  apoptosis 
in  cancer  cells  has  emerged  as  a  strategy  to  more  effectively  treat 
cancer  patients  and  reduce  toxicity. 

Death  receptors  are  key  components  in  the  extrinsic  apoptotic 
pathway.2  Their  activation  due  to  ligand  binding  or  receptor  clus¬ 
tering  and  aggregation  triggers  an  extrinsic  apoptotic  signaling 
pathway  leading  to  apoptosis.  Therefore,  the  death  receptor  ligands 

*Correspondence  to:  Shi-Yong  Sun;  Winship  Cancer  Institute,  Emory  University 

School  of  Medicine;  1 365-C  Clifton  Road,  C3088;  Atlanta,  Georgia  30322  USA; 

Tel.:  404.778.21 70;  Fax:  404.778.5520;  Email:  shi-yong.sun@emoryhealthcare.org 

Submitted:  1  1 /1 4/07;  Accepted:  11/21/07 

Previously  published  online  as  a  Cancer  Biology  &  Therapy  E-publication: 

www.landesbioscience.com/journals/cbt/article/5335 


or  agonistic  antibodies  against  the  death  receptors  are  potent  inducers 
of  apoptosis  and  thereby  have  therapeutic  potential  in  the  treatment 
of  cancer.  One  example  is  tumor  necrosis  factor  (TNF) -related 
apoptosis-inducing  ligand  (TRAIL),  which  is  the  ligand  for  death 
receptor  4  (DR4)  and  death  receptor  5  (DR5)  and  induces  apoptosis 
upon  ligation  with  DR4  or  DR5.  TRAIL  has  attracted  attention 
recently  because  it  preferentially  induces  apoptosis  of  transformed  or 
malignant  cells,  when  administered  systemically,  with  limited  inflam¬ 
matory  response  and  liver  damage,  which  are  major  side  effects  or 
toxicity  of  other  death  receptor  ligands  such  as  the  cytokines  TNFoc 
and  Fas.2  Therefore,  TRAIL  is  considered  to  be  a  tumor-selective 
apoptosis-inducing  cytokine  and  a  promising  new  candidate  for 
cancer  treatment.3  There  is  a  concern  about  TRAIL’S  potential 
hepatotoxicity,4  but  this  can  be  avoided  by  appropriate  preparation 
of  recombinant  human  TRAIL.5,6  Currently,  TRAIL  is  being  tested 
in  phase  I  clinical  trials.7  In  addition  to  TRAIL  ligand,  agonistic 
antibodies  against  DR4  and  DR5,  respectively,  have  also  been  devel¬ 
oped.  These  antibodies  mimic  TRAIL’S  function  to  activate  death 
receptor-mediated  apoptosis  with  potential  as  cancer  therapeutic 
agents  and  have  progressed  to  phase  I  or  phase  II  trials  in  treatment 
of  multiple  types  of  cancers.7 

The  expression  of  death  receptors  is  induced  by  many  small 
molecules  including  some  cancer  therapeutic  drugs.  Conventional 
chemotherapy  or  radiotherapy  damages  proliferating  cells  and 
induces  cell  death  usually  by  engaging  the  intrinsic  mitochondrial 
apoptotic  pathway  through  p53  activation.8  Recent  studies  have 
shown  that  certain  small  molecules  can  also  induce  apoptosis  by 
engaging  the  extrinsic  apoptotic  pathway  through  the  activation 
of  death  receptors.  Therefore,  death  receptors  have  emerged  as  an 
important  cancer  therapeutic  target.9,10 

There  are  many  elegant  review  articles  on  cancer  therapeutic 
potentials  of  the  death  ligands  such  as  TRAIL  and  agonistic  anti¬ 
bodies  to  death  receptors  such  as  DR4  and  DR5.7,10'12  This  article 
will  primarily  review  the  recent  studies  on  the  modulation  and 
activation  of  death  receptors  by  small  molecules  with  cancer  thera¬ 
peutic  activity  and  discuss  possible  underlying  mechanisms  and  their 
clinical  implications. 

Death  Receptor-Mediated  Extrinsic  Apoptotic  Pathway 

Apoptosis  can  occur  through  two  distinct  pathways:  the  intrinsic 
apoptotic  pathway  and  the  extrinsic  apoptotic  pathway.  The  intrinsic 
pathway  results  in  signals  from  the  mitochondria  whereas  the 
extrinsic  pathway  is  characterized  by  activation  of  death  receptors.13 
Both  pathways  engage  a  family  of  cysteine  proteases,  the  caspases, 
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Figure  1 .  Schema  for  extrinsic  death  receptor-mediated  apoptotic  signaling  pathway.  Ligation  of  death 
ligands  (e.g.,  TRAIL)  with  their  receptors  (e.g.,  DR4  and  DR5)  results  in  activation  of  caspase-8  (Casp-8) 
through  a  death  adaptor  protein  FADD  in  the  death-inducing  signaling  complex  (DISC).  Activated 
caspase-8  can  directly  activate  downstream  caspase-3  (Casp-3),  caspase-6  (Casp-6)  and  caspase-7 
(Casp-7)  leading  to  cleavage  of  their  target  proteins  such  as  PARP,  DFF45  and  lamins.  Moreover,  acti¬ 
vated  caspase-8  can  cleave  Bid,  generating  truncated  Bid  (tBid),  which  can  facilitate  insertion  of  BAX 
into  the  mitochondrial  membrane  leading  to  cytochrome  C  (Cyt.  C)  release.  Thus,  caspase-8  can  also 
activate  the  intrinsic  mitochondria-mediated  apoptotic  pathway,  which  involves  cytochrome  C  (Cyt.  C) 
release  from  mitochondria  into  cytosol  and  subsequent  caspase-9  (Casp-9)  activation. 


whose  cleavage  of  cellular  substrates  leads 
to  apoptosis.  The  death  receptors  involved 
in  the  extrinsic  apoptotic  pathway  belong  to 
the  TNF  receptor  superfamily  that  include 
Fas  (CD95  or  Apol),  TNFR1,  DR3, 

DR4  (TRAIL-R1),  DR5  (TRAIL-R2)  and 
DR6.2  These  receptors  are  characterized 
by  a  cysteine-rich  cytoplasmic  domain  and 
an  intracellular  death  domain.  The  death 
domain  enables  transmission  of  death 
signals  after  ligand  binding  or  trimeriza- 
tion.2  There  are  also  decoy  receptors  (e.g., 

DcRl  and  DcR2)  that  contain  no  death 
domain  or  a  truncated  death  domain 
and  can  bind  ligand  but  cannot  signal.14 
Therefore,  these  decoy  receptors  function 
as  antagonists  to  inhibit  death  ligand/ death 
receptor-induced  apoptosis. 

The  death  receptors,  Fas,  DR4  or  DR5, 
bind  to  their  respective  ligands  (i.e.,  FasL  or 
TRAIL)  and  trimerization  of  the  receptor 
occurs  at  the  cell  surface  inducing  apoptosis 
though  the  recruitment  of  adaptor  proteins 
such  as  the  Fas-associated  death  domain 
(FADD).  The  recruitment  of  FADD  forms 
the  death  inducing  signaling  complex 
(DISC),  which  results  in  the  recruitment 
of  pro-caspase-8  to  the  DISC.  This  results 
in  activation  of  caspase-8,  which  leads  to 
the  activation  of  effector  caspases  such  as 
caspase-3.  Death  receptors  can  also  indi¬ 
rectly  activate  effector  caspases  by  caspase-8 
cleaving  Bid,  which  leads  to  activation 
of  Bax  resulting  in  pore  formation  in 
the  mitochondrial  membrane  and  release 
of  cytochrome  c  leading  to  activation  of 
caspase-9  (Fig.  I).2,15  Therefore,  death 
receptors  activate  the  intrinsic  mitochondrial  apoptotic  pathway  in 
certain  types  of  cells  as  well. 

In  contrast  to  Fas,  DR4  and  DR5,  the  biological  function  of 
TNF  receptor  1  (TNFR1)  is  more  complex.  This  complexity  is 
reflected  in  the  increased  variety  of  proteins  that  are  present  in  the 
TNFR1  complex.  TNFR1  first  recruits  another  adaptor  protein, 
TNF-associated  death  domain  (TRADD),  which  in  turn  not  only 
recruits  FADD,  but  also  recruits  TNFR- associated  factor  2  (TRAF2) 
and  the  kinase  receptor-interacting  protein  (RIP).  TRAF2  is  essential 
for  c-Jun  N-terminal  kinase  (JNK)  activation,  whereas  RIP  is  instru¬ 
mental  for  the  activation  of  the  NFkB  pathway.  TNF-mediated  JNK 
activation  favors  its  apoptosis-inducing  activity,  whereas  NFkB  acti¬ 
vation  by  TNFoc  signals  inflammation  and  cell  survival  by  inhibiting 
TNFa-induced  apoptosis.2,16 

Death  Receptors  and  Cancer 

Fas,  DR4  and  DR5  are  generally  expressed  in  both  normal 
and  malignant  cells.  However,  the  abnormal  modulation  of  death 
receptors  has  been  observed  in  several  different  cancers  possibly  as 
a  mechanism  for  tumor  cells  to  escape  immunosurveillance.  The 


Fas  gene  has  been  shown  to  be  mutated  in  both  hematopoietic 
malignancies  (0-65%)  and  solid  tumors  (0-28%). 17  Among  the 
hematopoietic  malignancies,  high  frequencies  of  Fas  mutations  occur 
in  thyroid  lymphoma  (65.4%),  cutaneous  T-cell  lymphoma  (59%), 
and  nasal  NK/T  cell  lymphoma  (50%).  Among  solid  tumors,  Fas 
mutations  occur  frequently  in  bladder  transitional  cell  carcinoma 
(28%)  and  burn  scar- related  squamous  cell  carcinoma  (14. 3%). 17 
Compared  to  Fas,  the  frequencies  of  DR4  and  DR5  mutations 
detected  in  cancers  including  lung,  head  and  neck,  breast,  bladder, 
gastric  and  hepatocellular  carcinomas,  non-Hodgkin’s  lymphoma 
and  chronic  myelogenous  leukemia  are  very  low  (0-1 0.6%). 18-20 

Downregulation  of  expression  of  death  receptors  has  also  been 
observed  in  cancer.  In  cervical  cancer,  the  expression  of  Fas  decreases 
with  more  progressive  cervical  intraepithelial  neoplasia  (CIN).21  In 
urothelial  cancer,  decreased  Fas  expression  was  significantly  associ¬ 
ated  with  a  higher  pathological  grade,  a  more  advanced  stage  and 
poorer  prognosis.22  In  ovarian  cancer,  loss  or  downregulation  of  DR4 
expression  was  observed  in  10.3%  and  8.8%  of  patients,  respectively, 
which  was  associated  with  methylation  of  the  DR4  gene  promoter.23 
As  well,  in  small  cell  lung  cancer  a  40%  reduction  in  Fas  and  DR4 
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expression  was  observed  as  a  result  of  DNA  methylation.24  A  study 
in  acute  myelogenous  leukemia  (AML)  has  shown  that  relapse-free 
survival  was  significantly  prolonged  in  patients  with  CD95-positive 
AML  cells  compared  with  patients  with  CD95-negative  AML  cells.25 
However,  in  nonsmall  cell  lung  cancer,  poorly  differentiated  tumors 
showed  increased  expression  of  DR4,  DR5  and  TRAIL  and  the 
expression  of  DR5  was  associated  with  increased  risk  of  death.26 
Similarly,  in  colon  cancer,  the  expression  of  DR4  and  DR5  is  stronger 
in  neoplastic  tissues  than  in  normal  tissues  and  is  accompanied  by  a 
higher  degree  of  apoptosis.27  Another  study  in  stage  III  colon  cancer 
patients  treated  with  adjuvant  chemotherapy  has  shown  that  the 
majority  of  tumors  showed  high  expression  of  TRAIL  (83%),  DR4 
(92%),  and  DR5  (87%)  and  high  DR4  expression  was  associated 
with  worse  disease-free  and  overall  survival  in  these  patients.28 
Although  both  DR4  and  DR5  were  detected  in  the  majority  of 
colorectal  tumors,  a  recent  study  failed  to  demonstrate  that  they  are 
associated  with  survival;  instead,  overexpression  of  FLIPl  ,  a  major 
inhibitor  of  death  receptor-mediated  apoptosis,  provides  stage-inde¬ 
pendent  prognostic  information.29  In  breast  cancer,  DR3  expression 
is  stronger  in  malignant  specimens  than  in  normal  breast  epithelium, 
and  expression  correlated  strongly  with  lymph  node  involvement, 
and  was  independently  associated  with  decreased  survival;  however, 
DR4  expression  was  not  associated  with  survival.30  These  data  indi¬ 
cate  that  the  expression  of  death  receptors  and  the  correlation  with 
tumor  progression  seem  to  be  tumor  type  specific. 

Fas-associated  death  domain  (FADD)  is  the  main  adaptor  for 
transmitting  death  signal  from  activation  of  death  receptors.  It  has 
been  shown  that  low  or  absent  expression  of  the  FADD  protein  in 
leukemic  cells  at  diagnosis  is  a  poor  independent  prognostic  factor 
that  can  predict  worse  clinical  outcome  even  for  patients  with  stan¬ 
dard-  or  good- risk  AML.31  However,  in  lung  adenocarcinomas, 
increased  FADD  expression  is  detected  in  aggressive  tumors  and  is 
significantly  associated  with  poor  survival.32  It  seems  that  the  impact 
of  FADD  expression  on  cancer  patient  survival  is  also  tumor-type 
specific. 

The  abnormal  expression  of  the  decoy  receptors  has  also  been 
observed  in  cancer;  however,  the  expression  of  the  decoy  receptors  and 
DR4  or  DR5  does  not  always  correlate  with  sensitivity  to  apoptosis.33 
Tumor  cells  can  overexpress  decoy  receptors,  which  can  compete 
with  death  receptors  for  ligand  binding.  The  gene  coding  for  DcR3, 
a  secreted  protein  that  binds  FasL,  is  amplified  in  about  30%  of  lung 
and  colon  cancers.34  Frequent  gene  amplification  and  overexpression 
of  DcR3  were  also  observed  in  glioblastoma.35  In  addition,  DcR3  is 
overexpressed  in  carcinomas  of  the  stomach,  esophagus,  rectum  and 
liver  independently  of  gene  amplification.36,37  Cells  that  overexpress 
DcR3  presumably  have  a  survival  advantage  because  of  their  ability 
to  resist  FasL-mediated  attack  by  cytotoxic  lymphocytes,  although 
the  role  of  DcR3  in  tumorigenesis  remains  unclarified.  In  contrast  to 
DcR3,  DcRl  and  DcR2  are  generally  downregulated  in  many  types 
of  cancer,  largely  due  to  gene  methylation. 38,39  It  is  possible  that 
DcR  overexpressing  tumors  may  gain  a  selective  growth  advantage  by 
escaping  from  death  ligand/death  receptor-induced  apoptosis.  Given 
the  frequent  downregulation  or  loss  of  DcRl  and  DcR2  expression 
in  multiple  cancers,  which  still  express  DR4  and/or  DR5  or  exhibit 
increased  DR4  and  DR5  expression,  there  may  be  an  opportunity  to 
treat  these  cancers  with  TRAIL  or  agonistic  DR4  or  DR5  antibodies 
via  targeted  induction  of  TRAIL/ death  receptor-mediated  apoptosis 
of  cancer  cells. 


General  Mechanisms  Underlying  Modulation  of  Death 
Receptors 

The  expression  of  death  receptors  appears  to  be  induced  by  some 
anticancer  agents.  In  general,  modulation  of  death  receptors  involves 
p53-dependent  and  p53-independent  mechanisms. 

The  tumor  suppressor  gene  p53  plays  a  critical  role  in  regulating 
apoptosis  and  cell  cycle  arrest  after  cells  undergo  cellular  stress  such 
as  induction  of  DNA  damage  or  hypoxia.40  p53  is  one  of  the  most 
common  genes  mutated  in  cancer  and  can  regulate  many  down¬ 
stream  target  genes  including  death  receptors.  Activation  of  p53  can 
contribute  to  increased  surface  expression  of  Fas  and  apoptosis.41  Fas 
is  the  first  death  receptor  demonstrated  to  be  directly  regulated  by 
p53  through  a  p53-responsive  element  in  the  first  intron  of  the  Fas 
gene  and  putative  elements  in  the  promoter.42  Subsequently,  DR5 
was  demonstrated  to  be  induced  by  DNA-damaging  agents  in  a  p 53- 
dependent  fashion43  and  its  transcription  is  directly  transactivated  by 
p53  through  an  intronic  sequence-specific  p53  DNA-binding  site.44 
We  recently  have  shown  that  DR4  expression  can  also  be  induced 
by  DNA  damaging  agents  in  a  p5 3 -dependent  manner45  and  p53 
directly  regulates  the  transcription  of  DR4  through  a  p53  binding 
site  located  in  the  first  intron  of  the  DR4  gene,  in  a  similar  fashion 
as  demonstrated  in  the  DR5  gene.46 

Death  receptors  can  also  be  regulated  by  p53  independent  mecha¬ 
nisms.  The  Fas  gene  contains  consensus  sequences  for  AP-1,  Sp-1, 
NFkB  and  NFAT  in  its  promoter47  and  Fas  transcription  has  been 
shown  to  be  directly  regulated  by  NFkB.48  Moreover,  transcriptional 
regulation  of  Fas  expression  by  AP-1  was  also  reported.49  There  have 
been  only  a  few  studies  dealing  with  p53-independent  regulation  of 
DR4  or  DR5.  Sheikh  et  al.50  reported  that  TNFa,  a  NFkB  activator, 
induced  DR5  expression  in  a  number  of  cancer  cell  lines  indepen¬ 
dently  of  p53.  Ravi  et  al.51  reported  that  NFkB  induced  expression 
of  DR4  and  DR5.  Shetty  et  al.52  recently  demonstrate  that  a  putative 
NFkB  binding  site  in  the  first  intron  of  the  DR5  gene  in  cooperation 
with  the  p53  binding  site  in  this  region  is  responsible  for  DR5  upreg- 
ulation  by  etoposide  or  histone  deacetylase  (HDAC)  inhibitors.  We 
found  that  phorbol  12-myristate  13-acetate  (TPA),  a  potent  AP-1 
activator,  increased  AP-1  binding  to  the  DR4  promoter  and  induced 
DR4  expression  in  cancer  cell  lines  with  mutant  p53,53  suggesting  a 
possible  role  for  AP-1  in  DR4  regulation.  We  have  demonstrated  that 
this  effect  is  mediated  by  an  AP-1  site  in  the  5 '-flanking  region  of 
the  DR4  gene.53  Recently,  it  has  been  shown  that  DR5  can  be  regu¬ 
lated  by  CCAAT/enhancer-binding  protein  homologous  (CHOP) 
protein  through  the  CHOP-binding  site  in  the  5 '-flanking  region 
of  the  DR5  gene.54,55  In  addition  to  these  positive  regulations,  DR5 
can  also  be  negatively  regulated  through  a  putative  binding  site  for 
the  transcription  repressor  Yin  Yang  1  (YY1)  in  the  DR5  promoter 
region.56,57 

Modulation  of  Death  Receptor  Expression  by  Cancer 
Therapeutic  Agents 

It  is  generally  thought  that  small  molecules  such  as  chemo¬ 
therapeutic  agents  induce  apoptosis  through  the  intrinsic  apoptotic 
pathway.  However,  many  small  molecules  with  anticancer  activity 
including  chemopreventive  agents  modulate  the  expression  and / 
or  activation  of  death  receptors,  which  plays  a  critical  role  in  medi¬ 
ating  drug-induced  apoptosis.  The  modulation  of  death  receptor 
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expression  by  chemopreventive  agents  was  discussed  by  us  previously 
in  reference  58.  The  current  review  will  focus  on  modulation  of 
death  receptors  by  cancer  therapeutic  agents  and  possible  underlying 
mechanisms. 

DNA  damaging  agents.  Many  studies  have  shown  that  DNA 
damaging  chemotherapeutic  agents  can  modulate  death  receptor 
expression  and  render  cells  more  sensitive  to  death  receptor-induced 
apoptosis.  Cisplatin  (CDDP),  mitomycin,  methotrexate,  mitoxan- 
trone,  doxorubicin,  and  bleomycin  induced  Fas  expression  in  human 
cancer  cells,  primarily  through  a  p53-dependent  mechanism.42 
Similarly,  DR5  was  demonstrated  to  be  a  DNA  damaging-induc¬ 
ible  and  p53-regulated  gene.43,44  Following  these  findings,  we 
demonstrated  that  DR4  is  also  a  DNA  damaging-inducible  and 
p53-regulated  gene.45,46  In  the  literature,  doxorubicin,  etoposide, 
Ara-C,  cisplatin  and  camptosar  (CPT-11)  were  shown  to  induce  the 
expression  of  both  DR4  and  DR5  or  only  DR5  expression,  through 
either  p53-dependent,  or  p53-independent  mechanisms.43,45,50,59'62 
For  example,  etoposide  increased  the  expression  of  both  DR4  and 
DR5  and  enhanced  TRAIL-induced  apoptosis  in  breast  cancer59 
and  osteogenic  sarcoma  cells.62  Etoposide  was  also  shown  to  induce 
DR5  expression  in  glioma  cells,60  human  acute  leukemia  cells,61  and 
breast  cancer  cells.63  Our  work  showed  that  etoposide  increased  DR4 
expression  in  lung  cancer  cells.45 

Currently,  it  is  not  clear  whether  upregulation  of  death  recep¬ 
tors  plays  any  role  in  DNA  damaging  agent-induced  apoptosis.  It 
was  shown  that  addition  of  a  soluble  DR4  fusion  protein  (DR4: 
Fc)  to  cell  cultures  reduced  the  amount  of  etoposide-induced 
apoptosis  in  a  dose-dependent  manner.59  In  colon  cancer  cells,  it 
was  recently  shown  that  chemotherapy  downregulated  FLIP  expres¬ 
sion,  whereas  overexpression  of  FLIPl  potently  inhibited  apoptosis 
induced  by  chemotherapy.64  Of  note,  a  recent  clinical  study  has 
shown  that  absence  or  low  expression  of  fas-associated  with  death 
domain  (FADD)  in  acute  myeloid  leukemia  cells  predicts  resistance 
to  chemotherapy  and  poor  outcome.31  These  results  suggest  that 
the  activation  of  the  extrinsic  death  receptor-mediated  apoptotic 
pathway  may  play  a  role  in  chemotherapy-induced  apoptosis. 

HDAC  inhibitors.  HDAC  inhibitors  represent  a  group  of 
novel  cancer  therapeutic  agents.65  These  agents  induce  apoptosis 
and  enhance  TRAIL-induced  apoptosis  in  a  variety  of  cancer  cells. 
Suberoylanilide  hydroxamic  acid  (SAHA)  and  trichostatin  A  (TSA) 
were  shown  to  increase  the  levels  of  cell  surface  DR4  and  DR5  in 
human  multiple  myeloma  cell  lines.66  LAQ824  (a  cinnamic  acid 
hydroxamate),  SAHA,  MS-275,  m-carboxycinnamic  acid  bishydrox- 
amide  (CBHA),  and  TSA  increased  the  expression  of  DR5  and/or 
DR4,  reduced  the  levels  of  c-LLIP,  and  enhanced  TRAIL-induced 
apoptosis  in  human  acute  leukemia  cells.67'70  One  study  showed  that 
blockage  of  DR5  activation  using  DR5  siRNA  in  the  breast  cancer 
cell  line  MCF-7  decreased  HDAC  inhibitor-induced  apoptosis,52 
suggesting  an  important  role  of  DR5  activation  in  apoptosis  induced 
by  HDAC  inhibitors.  Two  recent  elegant  studies  have  shown  that 
HDAC  inhibitors  upregulate  not  only  DR5  and  Fas  expression  but 
also  the  expression  of  their  ligands  TRAIL  and  LasL  in  leukemic  cells. 
Importantly,  such  findings  were  not  observed  in  normal  hematopoi¬ 
etic  progenitors.  Moreover,  they  further  demonstrated  that  HDAC 
inhibitors  induce  apoptosis  of  leukemia  cells  through  activation  of  a 
specific  death  pathway  (i.g.,  TRAIL/DR5). 71,72 

Currently,  it  is  not  clear  how  HDAC  inhibitors  upregulate  the 
expression  of  death  receptors.  One  study  has  suggested  that  HDAC 


inhibitors  upregulate  DR5  expression  through  cooperative  activation 
of  NLkB  and  p53.52  Another  study  has  demonstrated  that  sodium 
butyrate-induced  expression  of  DR5  involves  the  putative  Spl  site 
within  the  DR5  promoter  region  (located  at  -195  bp  relative  to  the 
transcription  start  site).73 

Proteasome  inhibitors.  Inhibition  of  the  proteasome  has  been 
considered  to  be  an  effective  strategy  for  cancer  therapy.  Thereby, 
novel  anticancer  drugs  with  proteasome-inhibitory  activity  have 
been  developed.74  The  proteasome  inhibitor  MG  132  up  regulated 
DR5  expression  and  effectively  cooperated  with  Apo2L/TRAIL  to 
induce  apoptosis  in  human  colon  cancer  cells.75  A  similar  finding 
was  also  demonstrated  in  human  prostate  cancer  cells  and  primary 
chronic  lymphocytic  leukemia  (CLL)  cells.55,76  It  has  been  demon¬ 
strated  that  MG  132  induces  DR5  at  the  transcriptional  level 
involving  upregulation  of  CHOP  protein.55  Another  clinically-used 
proteasome  inhibitor,  PS-341,  does  not  affect  the  levels  of  Bax,  Bak, 
caspase-3  and  -8,  c-FLIP  or  FADD,  but  elevates  levels  of  DR4  and 
DR5  in  human  prostate  and  bladder  cancer  cells.  This  increase  in 
receptor  protein  levels  is  associated  with  the  ubiquitination  of  the 
DR5  protein.77  We  also  showed  that  PS-341  increases  DR5  expres¬ 
sion  and  cell  surface  levels  and  enhances  TRAIL-induced  apoptosis 
in  human  lung  cancer  cells.78  Interestingly,  MG- 132  also  increases 
apoptosis  and  DR5  expression  in  normal  B-cells.  However,  when  it 
is  combined  with  TRAIL  or  TRAIL  receptor  activating  antibodies 
the  amount  of  apoptosis  is  increased  in  CLL  cells  but  not  in  normal 
B  cells.76 

Cyclooxygenase-2  (COX-2)  inhibitors.  Since  COX-2  is  over¬ 
expressed  in  malignant  tissues,  the  COX-2  mediated  signaling 
pathway  has  been  recognized  as  a  potential  target  for  therapeutic 
intervention  of  cancer.79  Sulindac  sulfide,  a  COX-2  inhibitor,  is 
one  of  the  major  metabolites  of  sulindac  that  is  believed  to  mediate 
its  antitumorigenic  effects  by  inducing  apoptosis.  Sulindac  sulfide 
specifically  upregulates  DR5  and  activates  caspase-8  in  various  colon 
and  prostate  cancer  cell  lines.  Overexpression  of  a  dominant-negative 
FADD  (FADD-DN)  suppresses  sulindac  sulfide-induced  apop¬ 
tosis  and  combination  of  sulindac  sulfide  with  TRAIL  exhibits  an 
enhanced  apoptosis-inducing  effect,  suggesting  the  involvement  of 
DR5  in  sulindac  sulfide-induced  apoptosis.80  Induction  of  DR5 
by  sulindac  sulfide  in  gastric  cancer  cells  has  also  been  reported.  In 
this  study,  DR4  expression  was  also  induced  by  sulindac  sulfide.81 
Moreover,  we  found  that  celecoxib  increased  the  expression  of  DR4 
and  particularly  DR5  at  both  mRNA  and  protein  levels  in  human 
lung  cancer  cells.  Both  overexpression  of  FADD-DN  and  silencing 
of  DR5  expression  using  siRNA  attenuated  celecoxib-induced  apop¬ 
tosis.  Moreover,  celecoxib  cooperated  with  TRAIL  to  augment  the 
induction  of  apoptosis.  These  results  indicate  that  the  expression 
of  death  receptors,  particularly  DR5,  contributes  to  celecoxib-in¬ 
duced  apoptosis.82  Similarly,  we  further  showed  that  the  celecoxib 
analog,  dimethyl-celecoxib,  which  lacks  COX-2-inhibitory  activity, 
exerts  similar  effects  on  upregulation  of  DR5  and  enhancement  of 
TRAIL-induced  apoptosis.83  Thus,  it  appears  that  celecoxib  regulates 
DR5  expression  independent  of  its  COX-2  inhibitory  activity.  Both 
celecoxib  and  dimethyl-celecoxib  induce  DR5  expression  through  a 
CHOP-dependent  mechanism.84 

Retinoid-related  molecules.  Retinoids,  which  include  both 
synthetic  and  naturally  occurring  Vitamin  A  (retinal)  metabolites  and 
analogs,  have  long  been  considered  to  have  cancer  chemopreventive 
and  therapeutic  potential.85  Some  novel  synthetic  retinoids  potently 
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induce  apoptosis  in  cancer  cells  independent  of  retinoic  acid  receptors 
(RARs)  and  thus  are  named  retinoid- related  molecules  (RRMs).86 
One  such  compound  called  6-[3-(l-adamantyl-4-hydroxyphenyl]- 

2- naphthalene  carboxylic  acid  (CD437  or  AHPC)  can  induce  Fas, 
DR4  and  DR5  expression  in  lung  cancer  cells  in  a  p53-dependent 
manner.87'89  Importantly,  CD437  does  not  induce  the  expression  of 
Fas,  DR4  and  DR3,  or  induce  apoptosis  in  normal  human  bronchial 
epithelial  cells  and  small  airway  epithelial  cells.90  CD437  can  also 
induce  the  expression  of  these  death  receptors  independent  of  p53 
in  human  prostate  and  head  and  neck  cancer  cells.91,92  The  CD437 
analogue  Cl-  ( 1  -adamantyl)  -4-hydroxyphenyl]  -3-chlorocinnamic 
acid  (3-C1-AHPC)  also  induces  the  expression  of  Fas,  DR4  and  DR3 
in  human  prostate  and  breast  cancer  cells  as  well.93  Another  RRM, 
ST  1926,  in  cooperation  with  epidermal  growth  factor  receptor 
inhibitor  ZD  1839  also  upregulates  DR5  levels.94  We  and  others 
have  demonstrated  that  CD437  and  3-C1-AHPC  activate  NFkB, 
which  contributes  to  upregulation  of  DR4  and  DR5  by  CD437  or 

3- C1-AHPC  in  prostate  cancer  cells.93,95 

N- (4-hydroxyphenyl)  retinamide  (4HPR)  is  another  synthetic 
retinoid  wildly  tested  in  many  cancer  clinical  trials.  It  was  shown 
to  enhance  TRAIL-mediated  apoptosis  through  enhancement  of  a 
mitochondrial-dependent  amplification  loop  in  ovarian  cancer  cell 
lines.96  However,  a  recent  study  has  shown  that  4-HPR  upregulates 
DR5  expression  via  the  induction  of  the  transcription  factor  CHOP, 
which  sensitizes  colon  cancer  cells  to  TRAIL-induced  apoptosis.97 
Several  studies  have  shown  that  4HPR  and  its  analog  induce  CHOP 
expression  in  different  types  of  cancer  cells,  which  plays  a  role  in 
4HPR-induced  apoptosis.98'103  Therefore,  these  data  suggest  that 
4HPR  induces  CHOP-dependent  DR5  expression. 

Triterpenoids.  Triterpenoids  are  another  group  of  natural 
and  synthetic  compounds  with  cancer  therapeutic  potential.  The 
natural  triterpenoids  betulinic  acid  (Fig.  2)  and  boswellic  acid  were 
reported  to  induce  DR5  expression  in  melanoma,  glioblastoma,  and 
leukemia  cells.104,105  Our  recent  study  has  shown  that  the  synthetic 
triterpenoid  methyl-2-cyano-3, 1 2-dioxooleana- 1 ,9-dien-28-oate 
(CDDO-Me)  increased  the  expression  of  DR4  and  particularly 
DR5,  and  enhanced  TRAIL-induced  apoptosis  in  human  lung 
cancer  cells.  Silencing  of  DR5  expression  using  siRNA  inhibited 
both  CDDO-Me-induced  apoptosis  and  CDDO-Me-mediated 
enhancement  of  TRAIL-induced  apoptosis,  indicating  the  involve¬ 
ment  of  DR5  in  both  activities.106  Upregulation  of  cell  surface 
DR4  and  DR5  by  CDDO-Me  analogues  CDDO  and  CDDO-Im 
in  breast  cancer  cells  was  also  reported.107  In  addition,  it  has  been 
shown  that  induction  of  DR5  by  betulinic  acid  and  CDDO-Me 
is  independent  of  p53. 104,106  We  found  that  CDDO-Me  rapidly 
activated  c-Jun  NH2-terminal  kinase  (JNK)  before  DR5  upreg¬ 
ulation.  Moreover,  application  of  the  JNK-specific  inhibitor 
SP600125  blocked  CDDO-Me-induced  DR5  upregulation.  These 
results  indicate  that  CDDO-Me  induces  a  JNK-dependent  DR5 
upregulation.106 

Cytokines.  Certain  cytokines  including  interferons  have  anti¬ 
cancer  activity.  TNFa  is  the  first  cytokine  demonstrated  to  induce 
the  expression  of  DR5  in  a  number  of  cancer  cell  lines.  The  induc¬ 
tion  of  DR5  by  TNFa  occurs  at  transcriptional  levels  irrespective  of 
p53  status.50  Subsequently,  interferon-y  was  shown  to  induce  DR5 
expression  in  cancer  cell  lines  independent  of  p53.104  Interferon-a 
was  also  reported  to  increase  DR5  expression  in  human  hepatoma 


cells;  this  increased  expression  is  associated  with  its  ability  to  enhance 
TRAIL-induced  apoptosis.108  In  addition  to  regulation  of  death 
receptors,  interferons  regulate  the  expression  of  death  ligands.  For 
example,  interferon  y  increases  TRAIL  expression  in  colon  cancer 
cells,  which  mediates  interferon  y-induced  apoptosis.109  Moreover, 
interferon  a  increased  expression  of  TRAIL,  DR4  and  DR5, 
which  were  involved  in  interferon  a-induced  apoptosis  in  Daudi  B 
lymphoma  cells.110  Interestingly,  TRAIL  itself  increases  the  expres¬ 
sion  of  DR5  in  human  embryonic  kidney  (HEK)  293,  MCF-7  and 
MDA-MB-231  epithelial  cell  lines  while  DR4  expression  remains 
unchanged.  This  effect  is  mediated  by  NFkB  activation.63 

Natural  products.  Natural  products  have  been  the  most  signifi¬ 
cant  source  of  drugs  and  drug  leads  in  history.  Their  dominant 
role  in  cancer  chemotherapeutics  is  clear  with  about  74%  of 
anticancer  compounds  being  either  natural  products,  or  natural 
product-derived.111  Curcumin  (Fig.  2),  a  plant  product  containing 
the  phenolic  phytochemical  with  apoptosis-inducing  activity,  has 
been  demonstrated  to  increase  Fas  expression  and  induce  Fas 
clustering  in  human  melanoma  cells,  leading  to  the  induction  of 
apoptosis.112  Curcumin  also  increased  cell  surface  DR4  or  DR5 
and  augmented  TRAIL-induced  apoptosis  in  prostate  cancer113 
and  renal  cancer  cells.114  Although  curcumin  induced  the  expres¬ 
sion  of  CHOP,  suppression  of  CHOP  expression  by  siRNA  did  not 
abrogate  DR5  induction  by  curcumin  and  cell  death  induced  by 
curcumin  plus  TRAIL,  demonstrating  that  CHOP  is  not  involved 
in  curcumin-induced  DR5  upregulation.115  Sulforaphane  (Fig.  2)  is 
a  naturally  occurring  isothiocyanate  with  potent  anticancer  activity. 
This  agent  has  been  demonstrated  to  upregulate  DR5  expression  and 
subsequently  to  enhance  TRAIL-induced  apoptosis  in  hepatoma116 
and  osteosarcoma117  cells.  Importantly,  sulforaphane  neither  induces 
DR5  protein  expression  nor  enhances  TRAIL-induced  apoptosis 
in  normal  human  peripheral  blood  mononuclear  cells.117  Luteolin 
(Fig.  2),  a  naturally  occurring  flavonoid,  induces  apoptosis  in 
various  cancer  cells.  A  recent  study  has  shown  that  luteolin  upregu¬ 
lates  DR5  expression  in  human  cancer  cell  lines.118  Suppression  of 
DR5  expression  with  siRNA  efficiently  reduced  luteolin-induced 
caspase  activation  and  apoptosis.  Human  recombinant  DR5/Fc  also 
inhibited  luteolin-induced  apoptosis.118  These  results  suggest  that 
DR5  induced  by  luteolin  plays  a  role  in  luteolin-induced  apoptosis. 
Dihydroflavonol  BB-1  (Fig.  2),  an  extract  of  the  natural  plant  Blumea 
balsamifera,  increases  DR5  gene  promoter  activity  and  surface  DR5 
expression  in  a  p53-independent  manner  in  leukemia  cells.119 
Silibinin  (Fig.  2),  a  flavonoid  isolated  from  Silybum  marianum,  can 
sensitize  glioma  cells  to  TRAIL-induced  apoptosis,  partially  due  to 
CHOP-dependent  upregulation  of  DR5.120 

Others.  The  synthetic  glucocorticoid  dexamethasone  elevated 
DR5  expression  and  induced  apoptosis  in  several  types  of  cancer  cell 
lines  including  glioblastoma,  ovarian  cancer,  and  colon  cancer  cell 
lines  with  mutant  p53,  and  this  induction  was  inhibited  by  the  tran¬ 
scriptional  inhibitor  actinomycin  D.104  2-methoxyestradiol  (2ME 
Fig.  2),  a  natural  metabolite  of  estradiol,  is  a  potent  antitumor  and 
antiangiogenic  agent  and  is  currently  being  tested  in  several  Phase 
I  and  Phase  II  clinical  trials  under  the  name  Panzem.  It  has  been 
recently  shown  that  2ME  results  in  up-regulation  of  DR5  protein 
expression  in  several  cancer  cell  lines  including  breast  cancer  cells  in 
vitro  and  in  vivo  and  renders  cells  more  sensitive  to  TRAIL-induced 
apoptosis.  Blockage  of  death  receptor  signaling  by  expression  of 
dominant-negative  FADD  severely  attenuates  the  ability  of  2ME  to 
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induce  apoptosis,  suggesting  that  2ME  induces  apoptosis  through 
activation  of  the  DR5-mediated  extrinsic  pathway.121  However, 
another  study  failed  to  demonstrate  upregulation  of  DR5  by 
2ME  and  synergism  between  2ME  and  TRAIL  in  glioma  cells.122 
Induction  of  DR5  by  2ME  was  also  not  demonstrated  in  another 
CAL5 1  breast  cancer  cell  line  although  2ME  synergized  with  TRAIL 
to  induce  apoptosis.123  Thapsigargin  (TG),  an  agent  known  to 
cause  endoplasmic  reticulum  (ER)  stress  due  to  perturbations  in 
intracellular  Ca2+  homeostasis  and  induce  apoptosis,  upregulates 
DR5  expression  as  well  as  TRAIL  expression. 34,124,123  The  induc¬ 
tion  of  DR5  occurs  as  a  consequence  of  TG-induced  ER  Ca2+ 
pool  depletion124  involving  CHOP-mediated  transactivation  of  the 
DR5  gene.34  Tunicamycin  (Fig.  2),  a  naturally  occurring  antibiotic, 


upregulates  DR5  expression  through  a  CHOP-dependent  mecha¬ 
nism  and  enhances  TRAIL-induced  apoptosis  in  human  prostate 
cancer  cells.126  Of  note,  tunicamycin-mediated  induction  of  CHOP 
and  DR5  protein  expression  was  not  observed  in  normal  human 
peripheral  blood  mononuclear  cells.126  Arsenic  trioxide,  a  drug  for 
treatment  of  leukemia,  increases  cell  surface  expression  of  DR5  and 
sensitizes  leukaemic  cells  to  TRAIL-induced  apoptosis.127  The  semi¬ 
synthetic  analogue  of  vitamin  E,  ^-tocopheryl  succinate,  increases  the 
expression  of  both  DR4  and  DR5  in  human  malignant  mesothelioma 
cells  in  a  p53-dependent  manner;  this  increased  expression  is  associ¬ 
ated  with  its  ability  to  enhance  TRAIL-induced  apoptosis.128,129  As 
well,  the  alkylphospholipid  perifosine  increases  DR3  expression  in 
human  lung  cancer  cells  as  we  recently  demonstrated.130 
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Induction  of  Death  Receptor  Redistribution  and  Clustering 
by  Anticancer  Agents 

The  majority  of  anticancer  therapeutic  agents  up  regulate  the 
expression  of  death  receptors.  However,  some  agents  are  able  to 
activate  the  death  receptors  in  a  ligand-dependent  (autocrine)  or 
-independent  way,  leading  to  activation  of  the  extrinsic  apoptotic 
pathway  without  apparently  altering  the  expression  levels  of  the 
death  receptors.  Since  receptor  trimerization  is  an  essential  step  for 
activation  of  death  receptor-mediated  extrinsic  apoptosis,  induction 
of  death  receptor  aggregation  or  clustering,  even  in  the  absence  of 
a  specific  death  ligand,  should  be  sufficient  to  trigger  apoptosis. 
Current  studies  have  shown  that  several  cancer  therapeutic  agents 
activate  the  death  receptor-mediated  apoptotic  pathway  through 
lipid  raft-mediated  death  receptor  aggregation  or  clustering,  which 
concentrates  and  activates  death  receptors.  Induction  of  death 
receptor  redistribution  and  clustering  in  lipid  rafts  is  also  an 
important  mechanism  for  certain  agents  to  sensitize  cancer  cells  to 
TRAIL-induced  apoptosis. 

Lipid  rafts  are  microdomains  of  plasma  membranes  enriched 
in  sphingolipids  and  cholesterol.131  Recently,  lipid  rafts  have  been 
demonstrated  to  be  involved  in  control  of  apoptosis,  particularly  death 
receptor-mediated  apoptosis.132,133  Aplidine  (Fig.  2)  is  a  promising 
antitumor  agent  derived  from  the  Mediterranean  tunicate  Aplidium 
albicans.  This  agent  induces  apoptosis  of  leukemia  cells  involving 
activation  of  the  Fas-mediated  extrinsic  apoptotic  pathway.134  It  has 
been  shown  that  Fas,  TNFR1,  and  DR5  are  clustered  into  lipid  rafts 
in  leukemic  Jurkat  cells  following  aplidin  treatment.135  Aplidine  is 
rapidly  incorporated  into  membrane  rafts  and  induces  Fas  clustering 
and  apoptosis,  whereas  disruption  of  lipid  rafts  inhibits  uptake 
of  aplidine  and  prevents  Fas  clustering.  Thus,  Aplidine-induced 
apoptosis  involves  Fas  activation  in  both  a  FasL-independent 
manner  and  an  autocrine  manner  through  the  concentration  of 
Fas,  membrane-bound  FasL,  and  signaling  molecules  in  membrane 
rafts.135  The  anticancer  drug  ET-18-OCH(3)  (Edelfosine)  does 
not  promote  the  expression  of  Fas  or  FasL.  However,  it  induces 
Fas-dependent  apoptosis  in  leukemia  cells  independent  of  FasL.136 
Further  study  has  shown  that  ET-18-OCH(3)  similar  to  aplidin 
induces  apoptosis  by  inducing  formation  of  lipid  rafts  in  tumor  cells, 
followed  by  its  coaggregation  with  Fas  and  recruitment  of  apoptotic 
molecules  into  Fas-enriched  rafts.137,138  A  similar  mechanism  was 
also  observed  in  multiple  myeloma  cells  undergoing  edelfosine-  or 
perifosine-induced  apoptosis.139 

Cisplatin,  a  known  DNA-damaging  agent,  also  induces  clustering 
of  Fas  at  the  surface  of  human  colon  cancer  cells.  It  has  been  demon¬ 
strated  that  cisplatin  activates  acid  sphingomyelinase  (aSMase)  and 
induces  ceramide  production,  which  triggers  the  redistribution  of 
Fas  into  the  plasma  membrane  rafts.  Such  redistribution  contrib¬ 
utes  to  cisplatin-induced  cell  death  and  sensitizes  tumor  cells  to 
Fas-mediated  apoptosis.142 

Resveratrol  (Fig.  2),  a  polyphenol  found  in  grape  skin  and  various 
other  food  products,  exhibits  both  cancer  chemopreventive  and  ther¬ 
apeutic  activity.  In  contrast  to  other  agents,  studies  in  human  colon 
cancer  cells  have  shown  that  resveratrol  does  not  modulate  the  expres¬ 
sion  of  Fas,  DR4,  and  DR3  at  the  surface  of  cancer  cells;  However, 
resveratrol  induces  the  clustering  of  these  death  receptors  and  their 
redistribution  in  cholesterol  and  lipid  rafts  together  with  FADD  and 


procaspase-8.  These  redistributions  are  associated  with  the  formation 
of  a  DISC  and  contribute  to  the  induction  of  apoptosis  and  sensitiza¬ 
tion  of  cells  to  death  ligand-  or  death  receptor  activation-mediated 
apoptosis.140,141  Similarly,  the  flavonoid  quercetin  (Fig.  2)  enhances 
TRAIL-induced  apoptosis  by  causing  the  redistribution  of  DR4  and 
DR5  into  lipid  rafts  in  colon  cancer  cells.143 

The  COX-2  inhibitor  DuP-697  does  not  modulate  the  levels  of 
DR5  and  DR4  although  it  enhances  TRAIL-induced  apoptosis  in 
cancer  cells.  Instead,  it  sensitizes  cells  to  TRAIL-induced  apoptosis  by 
inducing  clustering  of  DR3  at  the  cell  surface  and  the  redistribution 
of  the  death-inducing  signaling  complex  components  (DR5,  FADD, 
and  procaspase-8)  into  lipid  rafts.144  Similarly,  the  HDAC  inhibitor 
depsipeptide  (FR901228)  also  increases  levels  of  DR4  and  DR5  in 

membrane  lipid  rafts,  leading  to  enhancement  of  TRAIL-induced 

•  14S 
apoptosis.  J 

Implications  of  Death  Receptor  Modulation  in  Cancer  Therapy 

Activation  of  death  receptors  with  either  ligand  binding  or  receptor 
aggregation  triggers  the  extrinsic  apoptotic  pathway.  Therefore,  the 
death  ligands  (e.g.,  TRAIL)  or  agonistic  death  receptor  antibodies 
(e.g.,  antibody  against  DR4  or  DR5)  induce  apoptosis  of  cancer 
cells  with  cancer  therapeutic  potential.  Currently,  both  TRAIL  and 
agonistic  DR4  and  DR5  antibodies  are  being  tested  in  clinical  trials 
for  their  anticancer  activities.7  The  drugs  that  up  regulate  the  expres¬ 
sion  of  DR4  and/or  DR5,  or  induce  redistribution  of  DR4  and/or 
DR5  at  the  cell  surface,  preferentially  in  malignant  cancer  cells,  are 
assumed  to  sensitize  cancer  cells  to  treatment  with  either  TRAIL 
or  agonistic  DR4  or  DR5  antibodies.  This  sensitization  has  been 
documented  in  many  preclinical  studies  both  in  vitro  and  in  vivo.7 
The  good  news  is  that  many  clinically  used  cancer  therapeutic  agents 
including  chemotherapeutic  drugs  up  regulate  the  expression  of  DR4 
and/or  DR5.  Therefore,  it  should  be  easy  to  test  the  combination 
therapy  of  these  drugs  with  TRAIL  or  agonistic  antibodies  in  the 
clinic  to  enhance  cancer  therapy. 

Some  agents  have  been  demonstrated  to  induce  the  expression 
of  death  ligands  such  as  TRAIL.  Examples  of  these  agents  are  reti¬ 
noic  acid,146,147  interferons,147,148  and  PI3  kinase  inhibitors.149 
Therefore,  it  is  plausible  to  speculate  that  the  combination  of  a  death 
receptor-inducing  drug  with  a  death  ligand-inducing  agent  may 
enhance  the  killing  or  elimination  of  malignant  cancer  cells  via  death 
ligand/death  receptor-mediated  apoptosis.  Studying  the  effect  of  this 
kind  of  combination  may  develop  an  effective  combination  regimen 
for  cancer  therapy. 

Apoptosis  induced  by  the  interaction  between  death  ligand  (from 
NK  cells  or  T  cells)  and  death  receptors  (from  target  cells)  is  the 
primary  mechanism  underlying  tumor  immunosurveillance. 10,1 50,151 
In  death  ligand-expressing  cancer  cells,  the  binding  of  death  ligands 
such  as  Fas  ligand  (FasL)  and  TRAIL  to  an  increased  number  of 
death  receptors  due  to  treatment  with  cancer  therapeutic  agents 
may  trigger  the  apoptotic  signal  leading  to  the  death  of  cancer  cells 
(autocrine  mechanism).  Moreover,  up  regulation  of  death  receptors 
in  cancer  cells  may  cause  these  cells  to  become  more  susceptible 
targets  for  immune  cells  (i.e.,  NK  and  T  cells)  that  express  and 
secrete  death  ligands  such  as  TRAIL.  Therefore,  cancer  therapeutic 
agents  with  death  receptor-inducing  activity  can  sensitize  cancer 
cells  to  death  receptor-mediated  immune  clearance  or  surveillance. 
Similarly  these  agents  can  also  enhance  death  receptor-based  cancer 
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immunotherapy. 152-154 

Summary  and  Perspectives 

Extensive  studies  have  shown  that  many  cancer  therapeutic  agents 
increase  the  expression  of  death  receptors  or  activate  death  receptors. 
The  question  is  whether  modulation  of  death  receptors  plays  any 
role  in  drug-induced  apoptosis  because  it  is  generally  thought  that 
small  molecules  induce  apoptosis  through  activation  of  the  intrinsic 
apoptotic  pathway.  Some  studies  indeed  suggest  that  certain  drugs 
induce  apoptosis  via  ligand-dependent  or  -independent  activation  of 
the  death  receptor-mediated  extrinsic  apoptotic  pathway.  To  robustly 
demonstrate  the  role  of  death  receptor  activation  in  drug-induced 
apoptosis,  establishment  of  cancer  cell  lines  deficient  with  one  (e.g., 
DR5),  two  (e.g.,  DR4  and  DR5),  or  even  three  (e.g.,  DR4,  DR5 
and  Fas)  death  receptors  will  be  very  helpful.  These  cell  lines  would 
also  be  valuable  for  screening  cancer  therapeutic  agents  that  induce 
apoptosis  through  the  death  receptor-mediated  extrinsic  apoptotic 
pathway.  The  current  technology  of  homologous  recombination155 
makes  possible  such  kind  of  studies. 

Given  that  TRAIL  and  agonistic  antibodies  to  DR4  and  DR5 
exhibit  cancer  therapeutic  potential  and  their  efficacies  can  be 
enhanced  by  small  molecules,  it  will  be  important  to  develop  small 
molecules  that  up  regulate  the  expression  of  DR4  and/or  DR5  and 
potentiate  TRAIL-induced  apoptosis,  preferentially  in  human  cancer 
cells  independent  of  p53.  To  this  end,  DR4  or  DR5  should  be  a 
good  target  for  discovery  of  anticancer  drugs.  Some  clinically-used 
drugs  such  as  sulindac  and  celecoxib,  which  potently  increase  the 
expression  of  TRAIL  death  receptors  and  enhance  TRAIL-induced 
apoptosis,  have  simple  chemical  structures  and  could  be  considered 
as  lead  compounds  for  further  modification.  In  addition,  an  impor¬ 
tant  step  is  to  develop  assays  for  screening  agents  that  upregulate 
TRAIL  death  receptors.  To  do  so,  we  need  a  better  understanding  of 
general  mechanisms  by  which  TRAIL  death  receptors  are  induced. 

Certain  cancer  therapeutic  agents  themselves  are  weak  inducers 
of  apoptosis  in  cell  culture,  but  potently  upregulate  the  expres¬ 
sion  of  death  receptors  and  cooperative  with  exogenous  TRAIL  to 
induce  apoptosis.  Therefore,  it  is  important  to  consider  the  in  vivo 
situation  where  stromal  cells  may  impact  the  growth  of  tumors  and 
the  response  of  tumor  cells  to  therapeutic  drugs.  We  may  speculate 
that  these  death  receptor-inducing  agents  can  effectively  inhibit  the 
growth  of  tumors  by  inducing  apoptosis  through  promotion  of  the 
interaction  between  death  receptors  (in  tumor  cells)  and  endogenous 
death  ligands  (from  stromal  cells  or  immune  cells)  in  vivo.  If  this  is 
true,  these  agents  should  not  be  very  effective  to  treat  tumors  (i.e., 
murine  tumors)  developed  from  death  ligand  (e.g.,  TRAIL) -null 
animals.  Therefore,  it  is  important  to  demonstrate  this  issue  in  vivo. 
Currently  TRAIL-null 156  and  or  FasL-null157  mice  are  available  and 
thus  make  these  studies  possible. 

In  the  field  of  death  receptor  research,  some  discrepancies  in  the 
literature  among  different  studies  may  be  caused  by  antibodies  from 
different  sources,  some  of  which  are  not  specific  (e.g.,  DR4)  based 
on  our  experience.  Therefore,  it  is  important  to  carefully  characterize 
some  antibodies  (e.g.,  through  siRNA  and  recombinant  proteins), 
particularly  those  for  immunohistochemical  detection  of  clinical 
specimens.  In  this  way,  we  will  avoid  or  minimize  artifacts  or  confu¬ 
sion. 

In  conclusion,  as  we  further  our  understanding  of  the  modulation 
of  death  receptors  by  cancer  therapeutic  agents,  we  will  be  able  to 


more  effectively  and  selectively  target  cancer  cells  sensitive  to  death 
receptor-mediated  apoptosis. 
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ABSTRACT 

Purpose:  Low  serum  concentrations  of  antioxidants 
may  be  associated  with  an  increased  risk  of  cancer.  Based 
on  the  accumulated  evidence,  we  hypothesized  that  reti¬ 
noids  would  elevate  serum  a-tocopherol.  This  study  was 
designed  to  determine  whether  9-cis -retinoic  acid  (9-cis  - 
RA),  the  most  common  chemopreventive  agent,  could  alter 
serum  a-tocopherol  in  former  smokers.  Because  hyperlip¬ 
idemia  is  a  known  side  effect  of  retinoids,  we  also  evaluated 
the  association  between  serum  a-tocopherol  and  lipids  in 
the  same  population. 

Experimental  Design:  Subjects  who  had  stopped  smok¬ 
ing  at  least  12  months  before  the  study  were  randomly 
assigned  to  receive  oral  9-cis  -RA  or  placebo  daily  for  3 
months.  Clinical  information  and  blood  samples  were 
obtained  monthly;  serum  a-tocopherol  concentrations  were 
measured  by  high-performance  liquid  chromatography  and 
lipid  levels  by  enzymatic  assays  before  treatment  and  every 
month  during  the  treatment. 

Results:  Of  the  149  subjects  in  the  study,  113  completed 
3  months  of  treatment  and  provided  samples  for  evaluation 
of  serum  a-tocopherol.  Serum  a-tocopherol  levels  in  the  9- 
cis-RA  group  ( n  =  52)  were  higher  after  treatment  (r  =  0.445, 
P  <  0.01)  than  before.  The  incidences  of  grade  >2  hyper¬ 
triglyceridemia  and  hypercholesterolemia  were  higher  in  the 
9-cis -RA  group  than  in  the  placebo  group  ( P  =  0.0005  and 
P  =  0.01,  respectively),  but  there  were  no  serious  complica¬ 
tions  related  to  hyperlipidemia. 

Conclusions :  Treatment  of  former  smokers  with  9-cis  - 
RA  significantly  increased  their  serum  a-tocopherol  levels, 
and  this  could  be  a  benefit.  In  addition,  serum  a-tocopherol 
could  serve  as  a  biomarker  for  9-cis-RA  treatment. 
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INTRODUCTION 

Because  lung  cancer  is  the  leading  cause  of  cancer-related 
death  worldwide  (1,  2),  chemoprevention  has  become  an 
increasingly  important  priority  in  the  effort  to  reduce  its 
incidence  (3).  Thus  far,  the  most  often  used  chemopreventive 
agents  for  aerodigestive  tract  cancers  have  been  retinoids  (4), 
which  bind  and  transactivate  retinoic  acid  (RA)  receptors  (RAR) 
and  retinoid  X  receptors  (RXR),  both  of  which  belong  to  the 
superfamily  of  steroid  nuclear  receptors.  Among  the  retinoids, 
dX\-trans -RA  is  selective  for  RARs,  and  9-cis -RA  binds  both 
RARs  and  RXRs  (5).  In  contrast,  13-cis-RA  binds  to  neither 
receptor  type  but  is  thought  to  bind  to  the  retinoid  receptors  after 
intracellular  stereoisomerization  to  a\\-trans -RA  or  9-c/s-RA  (6). 

Several  findings  have  shown  the  potential  of  retinoids  as 
cancer  chemopreventive  agents  (7-12).  First,  9-c7s,-RA  has 
shown  antiproliferative  activity  against  a  broad  range  of 
neoplastic  cells,  including  those  from  prostate  cancer  (7),  breast 
cancer  (8,  9),  leukemia  and  lymphoma  (10),  lung  cancer  (11), 
and  head  and  neck  cancer  (12).  Second,  9-cz^-RA  had  substantial 
in  vivo  anticarcinogenic  activity  in  rat  mammary  glands  (13,  14) 
and  rat  colons  (15).  Finally,  in  patients  with  a  history  of  cancer  of 
the  head  and  neck  region,  13-cis-RA  treatment  reduced  the 
incidence  of  second  primary  tumors  and  reversed  leukoplakia 
(i.e.,  premalignant  oral  lesions;  refs.  16,  17). 

Despite  these  promising  findings,  enthusiasm  for  the  use  of 
retinoids  as  chemopreventive  agents  for  lung  cancer  waned  after 
two  large  randomized  clinical  trials  ended  with  disappointing 
results.  The  Alpha-Tocopherol,  Beta  Carotene  Cancer  Prevention 
Study,  which  tested  the  efficacy  of  the  antioxidant  dietary 
supplements  a-tocopherol  and  (3-carotene,  actually  showed  that 
(3-carotene  significantly  increased  lung  cancer  incidence  and 
mortality  over  the  levels  observed  in  participants  not  taking  it 
(18).  The  detrimental  effects  of  (3-carotene  were  confirmed  by 
the  Beta-Carotene  and  Retinol  Efficacy  Trial,  which  revealed  a 
28%  higher  rate  of  lung  cancer  and  17%  higher  overall  death  rate 
in  participants  taking  (3-carotene  than  in  those  not  taking  the 
supplement  (19).  However,  further  analyses  showed  that  the 
adverse  effects  of  (3-carotene  were  restricted  to  active  smokers  in 
both  trials  (20).  In  addition,  there  was  some  evidence  of  a  benefit 
from  retinoid  treatment  in  nonsmokers  and  former  smokers  (21), 
suggesting  that  the  response  to  retinoids  differs  in  current  and 
former  smokers.  Supporting  these  findings,  13-cA-RA  treatment 
of  current  smokers  had  no  effect  on  bronchial  squamous 
metaplasia,  a  histologic  abnormality  associated  with  smoking, 
whereas  13-cA-RA  treatment  inhibited  bronchial  squamous 
metaplasia  in  former  smokers  (22).  Wang  et  al.  (23)  reported 
that  cigarette  smoke  and  high  doses  of  (3-carotene  induced  a 
decrease  in  RA  concentrations  and  RAR- (3  expression  and  an 
increase  in  cell  proliferation  and  the  expression  of  activating 
protein  1  family  members  (c-Jun  and  c-Fos)  and  cyclin  D1  in  the 
lung  tissue  of  ferrets.  Liu  et  al.  (24)  showed  that  the  oxidative 
metabolites  of  (3-carotene  generated  by  smoke-induced  produc¬ 
tion  of  cytochrome  P450,  which  interferes  with  RA  metabolism 
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by  down-regulating  RAR  signaling  and  suppressing  RAR-[3 
expression.  We  recently  showed  in  a  chemopreventive  trial 
that  9-czs-RA  could  benefit  former  smokers  (25)  by  increasing 
RAR-p.  expression  and  decreasing  metaplasia  relative  to  the 
findings  in  the  control  group.  These  findings  suggest  that  current 
and  former  smokers  had  different  responses  to  retinoids  and  that 
retinoids,  especially  9-czs-RA,  have  potential  as  chemopreven¬ 
tive  agents  in  former  smokers.  Based  on  this  notion,  we  sought 
to  identify  other  benefits  of  9-czv-RA  for  former  smokers. 

Antioxidants  also  have  potential  as  chemopreventive  agents 
(26-28),  and  low  serum  levels  of  antioxidants  are  associated 
with  an  increased  risk  of  cancer  (29-31).  Because  a  correlation 
has  been  observed  between  serum  levels  of  retinoids  and  the 
antioxidant  a-tocopherol  (32),  we  hypothesized  that  serum 
levels  of  a-tocopherol  would  be  elevated  in  people  who  had 
been  treated  with  retinoids.  To  test  our  hypothesis,  we 
retrospectively  analyzed  data  from  a  previously  published 
three-arm,  randomized,  double-blinded,  placebo-controlled  trial 
comparing  9-czs-RA,  13-cA-RA  plus  a-tocopherol,  and  placebo 
daily  for  3  months  (25).  Because  hyperlipidemia  is  a  common 
side  effect  of  retinoid  treatment  (33,  34),  we  also  evaluated 
possible  associations  between  serum  a-tocopherol  and  lipid 
levels  in  the  same  subjects. 

MATERIALS  AND  METHODS 

Subjects.  The  original  trial  design,  the  method  of 
determining  compliance  with  the  trial  protocol  and  the 
monitoring  of  toxic  effects  of  the  drugs  have  been  previously 
described  (25).  That  study  was  a  three-arm,  randomized,  double- 
blinded,  placebo-controlled  trial  comparing  9-cis -RA  (100  mg), 
\3-cis-RA  (1  mg/kg)  plus  a-tocopherol  (1,200  IU),  and  placebo 
daily  for  3  months  (25).  RAR-|3  was  detected  in  69.7%  of  all 
baseline  biopsy  samples,  and  metaplasia  was  evident  in  6.9%  of 
all  baseline  samples  from  240  subjects  enrolled  between 
November  1995  and  May  2001.  RAR-(3  expression  was  restored 
and  metaplasia  was  reduced  after  treatment  in  the  9-cA-RA 
group.  After  adjustment  for  years  of  smoking,  packs  per  day 
smoked,  and  metaplasia,  treatment  with  9-czs-RA  but  not  with 
13-cA-RA  plus  a-tocopherol  led  to  a  statistically  significant 
increase  in  RAR- (3  expression  compared  with  placebo.  All 
subjects  were  former  smokers,  defined  as  people  with  a  smoking 
history  of  at  least  20  pack-years  who  had  stopped  smoking  at 
least  1  year  before  entering  the  study.  To  be  eligible,  subjects  had 
to  have  adequate  renal,  hematologic,  and  hepatic  function  and 
must  not  have  taken  more  than  25,000  IU  of  vitamin  A  or  other 
retinoids  per  day  within  3  months  of  study  entry.  Subjects  with  a 
prior  smoking-related  cancer  were  eligible  if  they  had  been 
tumor-free  for  6  months  before  enrollment.  Subjects  were 
required  to  abstain  from  consuming  vitamin  supplements  during 
the  study.  Before  being  randomly  assigned  to  a  treatment  group, 
all  eligible  subjects  provided  written  informed  consent.  This 
study  was  approved  by  the  institutional  review  board  at  the 
University  of  Texas  M.D.  Anderson  Cancer  Center  and  by  the 
U.S.  Department  of  Health  and  Human  Services.  Subjects  were 
seen  monthly  and  evaluated  for  compliance  with  the  trial 
protocol  and  for  drug-related  toxic  effects.  Serum  cotinine  levels 
were  determined  at  baseline  and  at  3  and  6  months  after 
treatment  initiation  to  document  compliance  with  smoking 


abstinence  during  the  trial.  The  treatment  duration  of  3  months 
was  chosen  on  the  basis  of  toxicity  data  from  prior  phase  I  trials 
that  involved  9-czs-RA  treatment  (35,  36).  In  the  current 
analysis,  we  did  not  include  the  group  treated  with  13-cA-RA 
plus  a-tocopherol  to  avoid  possible  confounding  effects  from 
oral  supplementary  a-tocopherol. 

Specimen  Collection.  To  analyze  changes  in  a-tocopherol 
levels  and  toxicity,  blood  specimens  (10  mL)  were  drawn  from 
each  participant  at  the  beginning  of  the  study  and  then  monthly 
during  treatment.  Blood  was  collected  in  heparinized  tubes 
and  transported  immediately  to  the  laboratory,  where  the  speci¬ 
mens  were  separated  and  processed.  Serum  was  collected  after 
centrifugation  of  the  blood  at  1,500  rpm  for  10  minutes  at  room 
temperature  and  was  stored  at  —  80  °C  until  it  was  needed  for 
testing. 

High-Performance  Liquid  Chromatography  Analysis 
for  cv.-Tocopherol.  Methods  for  extracting  analytes  from 
serum,  quality  control  variables  and  the  high-performance  liquid 
chromatography  (HPLC)  methods  for  analyzing  a-tocopherol  in 
serum  have  been  published  previously  (29).  Briefly,  a  hexane 
extract  of  0.4  mL  of  serum  was  injected  onto  a  3-pm  C-18 
Spherisorb  ODS-2  HPLC  column  (1050  HPLC  system;  Hewlett- 
Packard,  Avondale,  PA)  and  eluted  with  an  isocratic  solvent 
consisting  of  73%  acetonitrile,  12%  tetrahydrofuran,  8% 
methanol,  7%  water,  0.025%  ammonium  acetate,  and  0.05% 
diethylamine  (v/v)  at  1.2  mL/min.  a-Tocopherol  was  detected  at 
292  nm.  The  HPLC  system  was  fully  automated  and  equipped 
with  quaternary  pumps,  an  electronic  degasser,  insulated  column 
housing,  an  automatic  sampler  diode  array  detector,  and  software 
to  run  the  system  and  perform  data  management.  The  coefficient 
of  variation  for  the  pooled  quality  control  samples  for  all  of  the 
analytes  was  <10%. 

Biochemical  Assays.  Serum  levels  of  triglycerides  and 
cholesterol  were  measured  with  routine  enzymatic  methods  on  a 
random  access  clinical  chemistry  system  (Dimension,  Dade 
Behring  International,  Inc.,  Newark,  NJ). 

Statistical  Analyses.  The  Wilcoxon  rank  sum  test  and 
Kruskal-Wallis  test  were  used  to  test  the  equal  medians  of 
continuous  variables  between  two  treatment  groups.  Either  the 
X2  test  or  Fisher’s  exact  test  was  used  to  test  the  association 
between  two  categorical  variables.  Because  the  distributions  of 
a-tocopherol  were  skewed,  the  differences  in  a-tocopherol  levels 
between  treatment  groups  were  tested  with  the  Wilcoxon  rank 
sum  test.  Changes  in  serum  a-tocopherol  levels  from  baseline 
levels  were  tested  separately  at  each  subsequent  patient  visit  (i.e., 
at  1-,  2-,  3-,  and  6-month  visits)  and  in  each  group  by  using  the 
Wilcoxon  rank  sum  test.  All  statistical  tests  were  two-sided,  with 
a  5%  type  I  error  rate.  Statistical  analysis  was  done  with  standard 
statistical  software,  including  SAS  Release  8.1  (SAS  Institute, 
Cary,  NC)  and  S-Plus  2000  (Mathsoft,  Inc.,  Seattle,  WA). 

RESULTS 

Characteristics  of  Subjects.  The  characteristics  of  the 
eligible  subjects  have  been  described  in  detail  previously  (25). 
Two  hundred  forty  subjects  were  entered  into  the  original 
clinical  trial,  of  whom  226  were  eligible  to  be  randomly 
assigned  into  one  of  the  three  treatment  groups  (9-cis -RA,  13- 
cis -RA  plus  a-tocopherol,  or  placebo);  149  of  these  participants 
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Table  1  Baseline  characteristics  of  subjects  according  to 
treatment  group 


Placebo  (n  =  61) 

9-cis-RA  (n  =  52) 

Gender  (%) 

Male 

37  (60.7) 

27  (51.9) 

0.35 

Female 

24  (39.3) 

25  (48.1) 

Race  (%) 

White 

52  (85.3) 

49  (94.2) 

0.35 

African 

6  (9.8) 

2  (3.9) 

Hispanic 

3  (4.9) 

1  (1.9) 

Oriental 

0 

0 

Smoking-related  cancer  (%) 

No  54  (88.5) 

48  (92.3) 

0.54 

Yes 

7(11.5) 

4  (7.7) 

Age 

Mean  ±  SD 

58.1  ±  8.9 

55.7  ±  9.2 

0.12 

Median  (range) 

58.8  (34.9-73.6) 

54.9  (35.9-74.5) 

Body  mass  index 

Mean  ±  SD 

27.8  ±  4.1 

28.1  ±  5.38 

0.92 

Median  (range) 

27.1  (20.6-39.4) 

27.3  (19.4-44.4) 

Smoking  years 

Mean  ±  SD 

29.1  ±  9.8 

27.3  ±  9.5 

0.39 

Median  (range) 

30  (15-50) 

26  (10-50) 

Packs  per  day 

Mean  ±  SD 

1.7  ±  0.7 

1.9  ±  0.8 

0.23 

Median  (range) 

1.5  (1-4) 

2  (0.8-4) 

Pack-years 

Mean  ±  SD 

50.2  ±  27.2 

52.6  ±  30.5 

0.94 

Median  (range) 

42.5  (20-135) 

42  (20-136) 

Smoking  quit  years 

Mean  ±  SD 

10.4  ±  8.8 

11.0  ±  8.7 

0.56 

Median  (range) 

10.1  (1.1-35.2) 

7.8  (1.0-38.2) 

Cholesterol 

Mean  ±  SD 

205.8  ±  37.5 

206.9  ±31.9 

0.74 

Median  (range) 

198  (141-292) 

205  (151-283) 

Triglyceride 

Mean  ±  SD 

142.4  ±  65.9 

152.2  ±  60.4 

0.39 

Median  (range) 

132  (43-309) 

136  (58-282) 

*The  Wilcoxon  rank  sum  test  was  performed  to  test  of  continuous 
variables  between  two  treatment  groups.  The  y'2  test  (for  sex)  and 
Fisher’s  exact  test  (for  race  and  smoking-related  cancer)  were  performed 
to  test  the  association  between  two  categorical  variables. 

(the  subjects  of  the  current  analysis)  had  been  randomly 
assigned  to  either  the  placebo  or  the  9-cA-RA  groups,  and 
113  of  them  completed  3  months  of  treatment.  The  character¬ 
istics  of  the  evaluable  subjects  are  summarized  in  Table  1.  Each 
treatment  group  was  well  balanced  for  age,  sex,  race,  history  of 
smoking-related  cancer,  number  of  pack-years,  number  of  years 
since  stopping  smoking,  body  mass  index,  and  serum  levels  of 
cholesterol  and  triglycerides.  Serum  cotinine  levels  drawn  at 
registration,  at  3  and  6  months  showed  that  >95%  of  the 
participants  had  serum  levels  in  the  range  of  nonsmokers 
(<1.0  ng/mL)  or  passive  smokers  (1-20  ng/mL)  at  all  three 
measurement  times. 

Effects  of  9-cis-RA  Treatment  on  Serum  a-Tocopherol 
Level.  We  investigated  whether  9-cA-RA  treatment  affected 
the  serum  a-tocopherol  level.  We  found  that  baseline  serum 
a-tocopherol  level  of  the  placebo  group  was  not  different 
from  that  of  9-cA-RA  treatment  group  (Table  2).  Serum  a- 
tocopherol  concentrations  significantly  increased  over  time  in 
the  9-cis-RA  group  but  not  in  the  placebo  group,  peaking 
1  month  after  the  start  of  treatment  and  maintaining  this  level 
throughout  treatment.  This  finding  indicates  that  9-cA-RA  can 
increase  serum  a-tocopherol  concentrations  in  former  smokers. 


Table  2  a-Tocopherol  level  at  baseline  and  during  treatment 


of  9  -cis 

-RA 

a-Tocopherol  level,  median  (range,  pg/dl) 

Placebo  ( n  =  61) 

9-cis-RA  ( n  =  52) 

P 

Baseline 

1st  month 
2nd  month 
3rd  month 

13,017  (2,241-45,620) 
11,818  (1,311-22,306) 
11,454  (5,770-26,506) 
12,354  (6,788-23,150) 

14,002  (6,162-33,779) 
16,456  (7,883-48,877) 
15,847  (7,607-46,132) 
15,381  (8,461-49,383) 

0.37* 

0.005f 

0.003f 

O.Olf 

*P  was  obtained  from  the  Wilcoxon  rank  sum  test, 
f P  was  obtained  from  repeated-measures  analysis  using  a  mixed 
model. 


To  determine  whether  subject  characteristics  may  have 
affected  their  baseline  serum  a-tocopherol  level,  we  evaluated 
possible  associations  between  the  characteristics  listed  in  Table  1 
and  baseline  serum  a-tocopherol  levels.  Gender,  race,  body  mass 
index,  number  of  pack-years,  number  of  years  since  stopping 
smoking,  and  levels  of  cholesterol  were  not  associated  with  the 
baseline  serum  a-tocopherol  level  (Table  3).  However,  the 
baseline  serum  triglyceride  level  and  age  were  significantly 
associated  with  higher  baseline  serum  a-tocopherol  levels.  When 
adjusted  for  body  mass  index,  the  effects  of  both  age  (P  =  0.02) 
and  baseline  serum  triglyceride  level  (P  =  0.008)  on  the  baseline 
serum  a-tocopherol  concentration  were  found  to  be  significant 
by  regression  analysis. 

Effects  of  9-c/s-RA  Treatment  on  Serum  Concentrations 
of  Triglycerides  and  Cholesterol.  We  tested  the  serum  levels 
of  lipids,  including  triglycerides  and  cholesterol,  in  all 
participants.  During  treatment,  serum  levels  of  lipids  were 
significantly  increased  in  9-cA-RA  group  and  decreased  when 
treatment  with  9-cA-RA  was  stopped  (Fig  1).  In  testing  the 

Table  3  Association  between  baseline  a-tocopherol  level  and 
demographic  characteristics 

a-Tocopherol  level, 

Characteristics  mean  ±  SD  (range,  ng/mL)  P* 

Gender 


Male 

15,090 

± 

6,967.4 

(7,086-45,620) 

0.96 

Female 

14,399 

± 

5,993.7 

(2,241-33,779) 

Race 

White 

15,097 

± 

6,701.4 

(2,241-45,620) 

0.24 

African 

12,796 

± 

5,252.6 

(7,086-21,245) 

Hispanic 

11,047 

± 

2,203.1 

(8,484-13,792) 

Age  (y) 

<60 

13,885 

± 

6,287.0 

(5,575-45,620) 

0.02 

>60 

16,380 

± 

6,758.4 

(2,241-33,586) 

Body  mass  index 

Nonobese  (<28) 

14,040 

± 

5,036.2 

(5,575-29,889) 

0.47 

Obese  (>28) 

15,531 

± 

6,844.1 

(6,162-33,779) 

Pack-years 

<40 

14,357 

± 

6,742.6 

(5,575-45,620) 

0.47 

>40 

15,135 

± 

6,415.0 

(2,241-33,779) 

Smoking  quit  years 

<10 

13,827 

± 

5,515.5 

(2,241-30,742) 

0.15 

>10 

15,921 

± 

7,472.0 

(5,575-45,620) 

Cholesterol  (mg/dl) 

<200 

14,060 

± 

5,560.5 

(5,575-33,586) 

0.32 

>200 

15,419 

± 

6,992.6 

(2,241-45,620) 

Triglyceride  (mg/dl) 

<135 

12,562 

± 

4,550.0 

(2,241-25,603) 

0.008 

>135 

16,440 

± 

7,146.4 

(7,681-45,620) 

*P  was  obtained  from  the  Wilcoxon  rank  sum  test. 
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Fig.  1  Effect  of  9-cis-RA  on 
the  serum  levels  of  (A)  trigly¬ 
cerides  and  (B)  cholesterol  after 
3  months  of  treatment. 


serum  levels  of  lipids,  including  triglycerides  and  cholesterol, 
in  all  participants,  we  found  no  significant  difference  in  the 
incidence  of  grade  1  hyperlipidemia  between  the  9-cA-RA 
group  and  the  placebo  group  during  treatment  (Table  4). 
However,  9-cA-RA  group  showed  significantly  more  subjects 
of  grade  >2  hypertriglyceridemia  and  hypercholesterolemia 
than  the  placebo  group  (P  <  0.0001).  Of  52  evaluable  subjects 
in  the  9-cis-RA  group,  22  (42%,  P  =  0.0001)  and  12  (23%, 
P  =  0.0001)  developed  grade  >2  hypertriglyceridemia  and 
hypercholesterolemia,  respectively.  One  of  the  participants  in 
the  9-cA-RA  group  experienced  grade  4  hypertriglyceridemia 
and  discontinued  treatment.  However,  no  serious  complica¬ 
tions  related  to  hypertriglyceridemia  or  hypercholesterolemia, 
such  as  cardiovascular  events,  pancreatitis,  or  death,  were 
experienced  in  either  group,  and  the  hyperlipidemia  disap¬ 
peared  after  discontinuation  of  9-cA-RA  treatment.  Finally,  we 
evaluated  whether  the  modulation  of  serum  lipid  levels  was 
associated  with  modulation  of  serum  a-tocopherol  levels 
during  3  months  of  9-cA-RA  treatment.  The  modulation  of 
serum  a-tocopherol  levels  in  the  9-cA-RA  treatment  group 


was  significantly  associated  with  the  changes  in  serum  levels 
of  triglyceride  (Fig.  2 A)  and  cholesterol  (Fig.  2 B). 

DISCUSSION 

To  our  knowledge,  this  is  the  first  report  showing  that  9-cis- 
RA  affects  serum  a-tocopherol  levels  and  that  serum  a-tocopherol 
levels  correlated  with  serum  lipid  levels  in  the  setting  of 
a  chemoprevention  trial.  Specifically,  daily  doses  of  9-cis-RA 
increased  serum  concentrations  of  a-tocopherol,  a  well-known 
antioxidant,  in  former  smokers  who  had  not  smoked  for  at  least 
1  year. 

It  has  been  suggested  that  an  imbalance  between  oxidants 
and  antioxidants  results  in  a  chronic  state  of  oxidative  stress 
that  could  contribute  to  various  human  diseases,  including 
cancer  (37).  In  fact,  reactive  oxygen  species  are  constantly 
generated  by  ionizing  and  UV  radiation,  activation  of  chemical 
carcinogens,  and  the  presence  of  heavy  metal  carcinogens,  and 
these  reactive  oxygen  species  can  damage  DNA  and  thus 
cause  mutations  that  can  lead  to  cancers  (38).  Antioxidants 
protect  cells  from  DNA  damage  by  directly  removing  these 
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Table  4  The  incidence  of  hypertriglyceridemia  or  hypercholesterolemia 
according  to  treatment  group 


National  Cancer  Institute 
Common  Toxicity  Criteria 

Placebo 
{n  =  61) 

9-cA-RA 
(n  =  52) 

Hypertriglyceridemia 

Grade  1  (>2.5  x  ULN) 

28 

23 

<0.0001 

Grade  2  (>2.5-5.0  x  ULN) 

2 

15 

Grade  3  (>5.0-10  x  ULN) 

0 

6 

Grade  4  (>10  x  ULN) 

0 

1 

Hypercholesterolemia 

Grade  1  (>ULN-300  mg/dl) 

22 

24 

<0.0001 

Grade  2  (>300-400  mg/dl) 

0 

8 

Grade  3  (>400-500  mg/dl) 

0 

2 

Grade  4  (>500  mg/dl) 

0 

2 

Abbreviation:  ULN,  upper  limit  of  normal  range, 
value  was  obtained  from  the  Fisher’s  exact  test. 


reactive  oxygen  species  thus  reducing  DNA  damage  and 
potentially  decreasing  tumorigenesis.  Indeed,  several  studies 
have  already  shown  the  cancer  chemopreventive  properties  of 
antioxidants  (39).  For  example,  dietary  supplementation  with 
a-tocopherol  has  been  shown  to  prevent  exercise-induced 
DNA  damage  (40),  and  results  from  a  randomized  phase  II 
chemoprevention  trial  showed  that  a-tocopherol  decreased 
oxidative  DNA  damage  (41).  The  use  of  a-tocopherol  to 
prevent  human  cancer  has  been  evaluated  for  lung  cancer,  oral 
leukoplakia,  colorectal  polyps,  and  prostate  cancer  (30,  39,  41, 
42).  In  a  separate  study,  vitamin  C,  vitamin  E,  and  (3-carotene 
supplementation  also  significantly  reduced  endogenous  oxida¬ 
tive  DNA  damage  in  lymphocytes  and  increased  resistance  to 


oxidative  damage  induced  by  hydrogen  peroxide  (43).  Taken 
together,  these  findings  suggest  that  9-dx-RA  can  induce 
potential  cancer  chemopreventive  activities  in  former  smokers 
by  increasing  a-tocopherol  levels. 

We  found  age  to  be  significantly  associated  with  higher 
baseline  serum  a-tocopherol  levels,  an  observation  also  found  in 
other  cohort  studies  (30,  44,  45).  The  positive  association 
between  a-tocopherol  levels  and  age  can  be  explained  by  age- 
related  changes  in  the  metabolism  and  transport  of  a-tocopherol; 
for  example,  the  activity  of  lipoprotein  lipase,  an  enzyme  that 
releases  a-tocopherol  from  chylomicrons  and  transfers  it  to 
tissues,  has  been  shown  to  decrease  with  age  (30).  We  also 
noted  a  positive  relationship  between  baseline  triglyceride  and 
a-tocopherol  levels.  Because  a-tocopherol  is  preferentially 
bound  by  the  hepatic  tocopherol  binding  protein,  which  is 
incorporated  into  both  low-  and  high-density  lipoproteins 
(44,  46),  increases  in  serum  triglyceride  levels  could  be  expected 
in  association  with  increased  serum  a-tocopherol  levels. 
Baseline  serum  cholesterol  levels  also  seemed  associated  with 
baseline  serum  a-tocopherol  levels,  but  this  apparent  relationship 
was  not  statistically  significant,  perhaps  because  baseline  serum 
cholesterol  levels  were  distributed  over  a  narrow  range.  Because 
hyperlipidemia,  especially  hypertriglyceridemia,  is  a  well-known 
effect  of  the  clinical  use  of  retinoids,  we  evaluated  serum  lipid 
concentrations  and  found  that  hypertriglyceridemia  and  hyper¬ 
cholesterolemia  developed  in  42%  and  23%  of  patients,  all 
former  smokers,  treated  with  9-cA-RA,  respectively,  proportions 
that  are  consistent  with  previous  findings  (47,  48).  Moreover, 
elevation  of  serum  a-tocopherol  concentrations  was  significantly 


A  B 


Modulation  of  Triglyceride  Modulation  of  Cholesterol 

(mg/dl)  (mg/dl) 

Fig.  2  The  correlation  between  changes  in  serum  levels  of  lipids  and  changes  in  serum  levels  of  a-tocopherol  level  in  the  9-cis-RA  and  placebo 
treatment  groups.  Wilcoxon  rank  sum  test  was  performed  to-tocopherol  level  (3 -month  value  minus  baseline  value)  compared  with  the  changes  in  the 
median  (A)  triglyceride  (3-month  value  minus  baseline  value)  (r  =  0.68,  P  <  0.001)  and  ( B )  cholesterol  (3-month  value  minus  baseline  value)  (r  =  0.5, 
P  =  0.004)  levels. 
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associated  with  elevated  levels  of  lipids  in  this  group.  A 
plausible  explanation  for  this  finding  is  the  unique  binding 
characteristics  of  9-cA-RA  to  retinoid  receptors  that  have 
transcription  activities.  Several  studies  have  provided  evidence 
that  retinoids  induce  hyperlipidemia  by  activating  RAR,  RXR,  or 
both  (49-51).  In  one  study,  the  simultaneous  activation  of  RAR 
and  RXR  by  panagonists  induced  2-  to  3 -fold  higher  levels 
of  serum  triglycerides  than  did  activation  of  RAR  alone  (51). 
Vu-Dac  et  al.  (52)  reported  that  RXR  activation  increased  the 
expression  of  apo  C-III,  a  key  player  in  plasma  triglyceride 
metabolism.  Furthermore,  9-cA-RA  induces  the  expression  of 
the  ATP -binding  cassette  transporter  Al,  a  major  regulator  of 
peripheral  cholesterol  efflux  and  plasma  high-density  lipoprotein 
metabolism  and  increases  apo  A-I-mediated  cholesterol  efflux, 
thereby  increasing  the  cholesterol  concentration  in  the  blood 
(53,  54).  These  data  indicate  that  RAR  and  RXR  ligands  can 
act  synergistically  to  induce  high  serum  concentrations  of  lipids, 
suggesting  that  hyperlipidemia  may  be  a  greater  issue  for  9 -cis- 
RA,  an  RAR/RXR  panagonist,  than  for  other  RAs  (6). 

The  risk  of  hyperlipidemia  resulting  from  retinoid  treatment 
in  our  chemoprevention  trial  was  not  clear.  More  small  dense 
low-density  lipoprotein  particles  are  present  in  the  blood  in 
hyperlipidemia,  and  these  particles  are  more  susceptible  to 
oxidation  and  are  associated  with  enhanced  peroxidation 
products  (55).  A  high  serum  level  of  a-tocopherol,  which  breaks 
the  chain  reaction  of  lipid  peroxidation  by  donating  a  hydrogen 
atom  to  the  reactive  oxygen  species,  could  result  in  the  formation 
of  a  relatively  stable  a-tocopherol  radical  that  is  thought  to  be 
recycled  by  ascorbate  and  ubiquinol  (56,  57),  suggesting  that  the 
ability  of  9-cA-RA  to  modulate  serum  a-tocopherol  concen¬ 
trations  may  protect  cells  from  increased  concentrations  of  lipid 
peroxidants.  Indeed,  no  serious  complications  related  to  hyper¬ 
triglyceridemia  or  hypercholesterolemia,  such  as  cardiovascular 
problems,  pancreatitis,  or  death,  were  experienced  in  the  subjects 
treated  with  9-cA-RA  in  our  study.  Only  one  patient  with 
grade  4  hypertriglyceridemia  stopped  9-cA-RA  treatment,  and 
even  that  patient  had  no  hyperlipidemia-associated  complica¬ 
tions.  Furthermore,  measurements  of  serum  lipid  levels  after 
treatment  was  discontinued  showed  normalization  of  lipid 
levels  in  all  subjects.  However,  considering  recent  findings 
that  the  risk  of  lung  cancer  is  higher  in  recent  former  smokers 
than  in  current  smokers  (58),  the  inclusion  of  subjects  (albeit 
few)  with  prior  cancers  and  recent  smoking  cessation  might 
have  clouded  our  data.  Therefore,  cognizance  of  the  potential 
cardiovascular  risk  should  be  well  advised  when  oral 
supplementation  of  agents  that  increase  serum  a-tocopherol 
levels  is  considered  for  chemoprevention  trial  in  a  group  of 
former  smokers.  Close  monitoring  of  symptoms  and  signs  of 
hyperlipidemia  and  the  use  of  lipid-  and  cholesterol-lowering 
agents  would  be  recommended  for  subjects  taking  9-cA-RA 
for  long  periods.  In  addition,  further  study  is  needed  to  clarify 
the  relationship  between  hyperlipidemia  and  retinoid  treatment 
and  to  define  the  adequate  duration  of  retinoid  treatment  in  a 
chemoprevention  trial. 

In  summary,  to  our  knowledge,  our  results  show  for  the  first 
time  that  9-cA-RA  treatment  increased  serum  a-tocopherol 
levels  in  former  smokers.  From  the  perspective  of  directing 
future  public  health  initiatives,  our  current  findings  are  important 
because  increasing  serum  levels  of  the  antioxidant  may  inhibit 


cell  proliferation  and  angiogenesis  and  stimulate  apoptosis  and 
immune  function  (59-61).  Additional  work  is  warranted  to 
determine  whether  other  antioxidants,  such  as  vitamin  C,  vitamin 
A,  and  (3-carotene,  are  regulated  by  9-cis -RA  treatment  in  former 
smokers  and  whether  the  changes  in  a-tocopherol  levels  induced 
by  9-cA-RA  correlate  with  their  ability  to  reduce  the  risk  of  lung 
cancer  in  former  smokers. 
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Antimitotic  drugs  are  chemotherapeutic  agents  that  bind  tubulin  and  microtubules. 
Resistance  to  these  drugs  is  a  major  clinical  problem.  One  hypothesis  is  that  the 
cellular  composition  of  tubulin  isotypes  may  predict  the  sensitivity  of  a  tumor  to 
antimitotics.  Reliable  and  sensitive  methods  for  measuring  tubulin  isotype  levels 
in  cells  and  tissues  are  needed  to  address  this  hypothesis.  Quantitative  measure¬ 
ments  of  tubulin  isotypes  have  frequently  relied  upon  inferring  protein  amounts 
from  mRNA  levels.  To  determine  whether  this  approach  is  justified,  protein  and 
mRNA  levels  of  (3-tubulin  isotypes  from  12  human  cancer  cell  lines  were  mea¬ 
sured.  This  work  focused  on  only  (3 -tubulin  isotypes  because  we  had  readily  avail¬ 
able  monoclonal  antibodies  for  quantitative  immunoblots.  The  percentage  of  13- 
tubulin  isotype  classes  I,  II,  III,  and  IVa  +  IVb  mRNA  and  protein  were  com¬ 
pared.  For  |3-tubulin  class  I  that  comprises  >50%  of  the  |3-tubulin  protein  in  10  of 
the  12  cell  lines,  there  was  good  agreement  between  mRNA  and  protein  percen¬ 
tages.  Agreement  between  mRNA  and  protein  was  also  found  for  |3-tubulin  class 
III.  For  |3-tubulin  classes  IVa  +  IVb,  we  observed  higher  protein  levels  compared 
to  mRNA  levels.  |3-Tubulin  class  II  protein  was  found  in  only  four  cell  lines  and 
in  very  low  abundance.  We  conclude  that  quantitative  Western  blotting  is  a  reli¬ 
able  method  for  measuring  tubulin  isotype  levels  in  human  cancer  cell  lines.  Infer¬ 
ring  protein  amounts  from  mRNA  levels  should  be  done  with  caution,  since  the 
correspondence  is  not  one-to-one  for  all  tubulin  isotypes.  Cell  Motil.  Cytoskeleton 
63:41—52,  2006.  ©  2005  Wiley-Liss,  Inc. 
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INTRODUCTION 

Quantitative  measurement  of  drug  target  proteins  is 
essential  for  developing  chemotherapeutic  agents  and 
understanding  mechanisms  that  underlie  drug  resistance. 
Quantitative  (real-time)  reverse  transcription  polymerase 
chain  reaction  (qRT-PCR)  is  an  established  method  for 
reliably  measuring  mRNA  levels  and  may  be  useful  for 
describing  alterations  in  drug  targets  if  protein  levels 
can  be  inferred  from  mRNA  levels.  However,  for  many 
proteins,  this  is  not  a  valid  approach  [Gygi  et  al.,  1999; 
Nicoletti  et  al.,  2001].  To  study  changes  in  drug  target 
levels  that  may  be  associated  with  drug  resistance  to  anti- 
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mitotic  drugs,  we  wanted  to  determine  whether  mRNA 
levels  could  be  used  to  accurately  predict  protein  levels. 

The  ability  of  anticancer  agents  to  destroy  tumors 
is  severely  hampered  by  drug  resistance  that  occurs  ini¬ 
tially  or  develops  after  prolonged  or  repeated  exposure 
of  cells  and  tissues  to  these  drugs.  In  advanced- stage 
metastatic  cancers,  where  treatment  options  are  few,  this 
problem  is  devastating.  Important  drugs  used  to  treat 
solid  and  hematological  tumors  are  antimitotic  agents: 
taxanes  (paclitaxel  or  docetaxel)  and  vinca  alkaloids 
(vinblastine,  vincristine,  vinorelbine  or  vinflunine).  Anti¬ 
mitotic  drugs  bind  tubulin,  a  major  protein  in  microtu¬ 
bules,  and  halt  cell  division  at  metaphase.  Their  effec¬ 
tiveness  is  thought  to  result  from  alterations  of  microtu¬ 
bule  dynamics  in  mitotic  spindles,  thus  preventing 
spindle  assembly  or  interrupting  the  movement  of  sister 
chromatids  toward  the  spindle  poles  [Dhamodharan 
et  al.,  1995;  Yvon  et  al.,  1999]. 

The  drug  receptor  of  antimitotic  agents,  tubulin,  is 
a  structurally  heterogeneous  100,000  dalton  a(3  hetero¬ 
dimer.  Six  or  seven  genes  encode  a- tubulin  isotypes,  and 
seven  genes  encode  (3 -tubulin  isotypes  [Sullivan  and 
Cleveland,  1986;  Sullivan,  1988].  Antimitotics  interact 
with  (3-tubulin,  which  consists  of  seven  isotype  classes 
distinguished  by  the  last  15-20  amino  acids  at  the  car¬ 
boxyl  termini  [reviewed  in  Correia  and  Lobert,  2001]. 

We  present  here  a  quantitative  comparison  of  13- 
tubulin  isotype  mRNA  and  protein  levels  ((3-tubulin 
classes  I,  II,  III,  and  IVa  +  IVb)  in  12  human  cancer  cell 
lines.  qRT-PCR  was  used  to  measure  mRNA  levels  of 
all  seven  classes  of  (3-tubulin  isotypes.  Quantitative 
immunoblotting  was  done  to  measure  |3 -tubulin  isotype 
protein  levels.  (3-Tubulin  classes  I  and  IVa  +  IVb  pro¬ 
teins  were  the  most  abundant.  The  mRNA  and  protein 
levels  of  (3-tubulin  class  I  were  found  to  be  in  good 
agreement.  (3-Tubulin  classes  IVa  +  IVb  made  up  a 
larger  fraction  of  the  total  protein  than  of  the  total 
mRNA  for  11  of  the  12  cell  lines.  (3-Tubulin  class  III 
protein  was  found  at  low  levels  that  corresponded  to 
mRNA  levels,  although  the  relationship  was  not  one-to- 
one. 

MATERIALS  AND  METHODS 
Cell  Culture 

Twelve  cell  lines  were  selected  on  the  basis  of  their 
relative  sensitivities  to  vinblastine  and  paclitaxel,  as  rep¬ 
orted  by  the  National  Cancer  Institute  (NCI)  Developmen¬ 
tal  Therapeutics  Program  Human  Tumor  Cell  Line  Screen 
(http://dtp.nci.nih.gov/docs/cancer/cancer_data.html).  Pairs 
or  groups  of  cells  with  reported  drug  sensitivities  that 
differed  significantly  were  selected.  Only  one  (HCT-15) 
is  reported  to  have  relatively  high  levels  of  p-glycopro- 
tein/MDRl,  a  membrane-bound  pump  known  to  extrude 


drugs  such  as  paclitaxel  and  vinblastine  from  cells 
[Alvarez  et  al.,  1995;  http://dtp.nci.nih.gov/docs/com- 
pare/cellmdr.html].  Cell  lines  were  purchased  from 
American  Type  Culture  Collection  (Manassas,  VA), 
except  for  HOP  18,  which  was  kindly  provided  by  NCI- 
Frederick  Cancer  Division  of  Cancer  Treatment  and 
Diagnosis  Tumor/Cell  Line  Repository  (Frederick, 
MD).  Cells  were  cultured  according  to  the  suppliers’ 
recommendations,  with  the  exception  of  MDA-MB-231 
and  Malme-3M,  which  were  grown  in  RPMI-1640 
rather  than  Leibovitz’s  L-15  medium. 

Determination  of  IC50  Values 

We  determined  IC50  values  (concentration  at 
which  cell  proliferation  is  reduced  by  50%)  for  each 
cell  line  using  two  independent  methods:  cell  counting 
and  an  assay  for  mitochondrial  respiration.  Duplicate 
12-well  plates  (5000  cells/well)  were  set  up  for  each 
cell  counting  experiment,  and  two  to  four  independent 
experiments  were  done  for  each  drug  (vinblastine  or 
paclitaxel)  and  cell  line.  Cells  were  incubated  for  24  h 
to  permit  adherence  and  then  exposed  to  serial  dilutions 
(between  one  log  unit  above  and  below  the  predicted 
IC50  value)  of  vinblastine  or  paclitaxel  for  48  h,  re¬ 
leased  using  trypsin,  and  counted  in  a  hemocytometer 
using  trypan  blue  to  exclude  nonviable  cells.  For  con¬ 
trol  wells,  an  appropriate  amount  of  PBS  or  dimethyl 
sulfoxide  for  vinblastine  and  paclitaxel,  respectively, 
was  added.  Data  were  plotted  using  Origin  7.0  (Origin- 
Lab,  Northampton,  MA)  as  cell  number  vs.  drug  con¬ 
centration.  Data  were  fit  to  first-order  exponential 
decay,  and  IC50  values  were  calculated. 

The  cell  line  sensitivities  to  vinblastine  and  pacli¬ 
taxel  were  also  determined  using  an  assay  for  mitochon¬ 
drial  respiration.  Cells  were  plated  in  96-well  microtiter 
plates  at  8000  cells/well  (10,000  cells/well  for  Malme- 
3M).  Duplicate  plates  constituted  each  experiment;  and 
two  to  four  independent  experiments  were  done  for  each 
drug  (vinblastine  or  paclitaxel)  and  cell  line.  Cells  were 
incubated  for  24  h,  and  then  the  medium  was  replaced 
with  fresh  medium  containing  appropriate  concentrations 
of  drug  or  solvent.  After  72  h,  the  medium  was  removed 
from  the  wells  and  100  pi  of  CellTiter  96®  AQueous  One 
solution  (Promega,  Madison,  WI)  diluted  1:5  with 
medium  was  added.  This  solution  utilizes  3-(4,5-dime- 
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul- 
fophenyl)-2H-tetrazolium  (MTS,  inner  salt)  in  a  coloro- 
metric  reaction  that  is  a  linear  measure  of  mitochondrial 
respiration.  The  plates  were  incubated  2  h,  and  absorb¬ 
ance  at  490  nm  was  read  using  a  microplate  reader. 
Absorbance  values  were  corrected  by  subtracting  base¬ 
line  values  obtained  from  wells  with  no  cells.  IC50  values 
were  determined  as  described  for  the  cell  counting  assay. 
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Quantitative  Reverse  Transcription  Polymerase 
Chain  Reaction 

Two-step  qRT-PCR  was  used  to  determine  the 
amount  of  mRNA  present  for  each  P -tubulin  isotype 
(classes  I,  II,  III,  IVa,  IVb,  V,  and  VI)  in  all  12  cell  lines. 
Cells  were  cultured  as  described  earlier,  total  RNA  was 
extracted,  and  qRT-PCR  experiments  were  carried  out 
using  primers  and  protocols  described  previously  [Doz¬ 
ier  et  al.,  2003].  Briefly,  qRT-PCR  was  performed  on 
triplicate  samples  from  at  least  two  independent  cell 
preps  using  SYBR®  Green  I  (Invitrogen,  Carlsbad,  CA) 
as  the  detection  method.  The  amount  of  P-tubulin  iso¬ 
type  mRNA  in  a  known  amount  of  total  RNA,  deter¬ 
mined  by  A2 6o  measurements,  was  calculated  using 
standard  curves. 

Quantitative  Immunoblots 

We  developed  a  quantitative  immunoblot  assay  for 
tubulin  that  is  sensitive  and  highly  reproducible.  Cell 
lysates  were  prepared  from  10-20  million  cells  by 
douncing  on  ice  in  1  ml  PBS  with  a  protease  inhibitor 
cocktail  (Complete  Protease  Inhibitor  Cocktail  Tablets, 
Roche,  Indianapolis,  IN).  Lysates  were  spun  briefly  in  a 
microcentrifuge  to  remove  membranes  and  mixed  1:1 
with  SDS  sample  buffer  prior  to  electrophoresis.  After 
electrophoresis,  proteins  were  transferred  to  polyvinyli- 
dene  difluoride  (PVDF)  membranes,  incubated  with  pri¬ 
mary  antibody  (1-2  mg/ml)  at  1:2,500-1:10,000  dilu¬ 
tions  overnight  at  4°C,  and  developed  using  a  horserad¬ 
ish  peroxidase-conjugated  secondary  antibody.  We  used 
monoclonal  antibodies  that  recognize  individual  tubulin 
isotypes:  SAP4G5,  anti-P-tubulin  class  I  (Sigma-Ald- 
rich,  St.  Louis,  MO);  7B9,  anti-P-tubulin  class  II;  TUJ1, 
anti-P-tubulin  class  III;  and  10A2,  anti-P-tubulin  classes 
IVa  +  IVb.  The  reactivity  and  specificity  of  SAP4G5, 
7B9,  and  TUJ1  have  been  previously  described  [Lee 
et  al.,  1990;  Lobert  et  al.,  1995,  1998;  Roach  et  al., 
1998].  The  monoclonal  antibody  10A2  was  raised 
against  the  carboxyl  terminal  peptide  of  P-tubulin  class 
IVa.  It  was  found  to  be  specific  for  both  P-tubulin  classes 
IVa  and  IVb  (Fig.  1).  Blots  were  reacted  with  chemilu¬ 
minescent  reagents  (SuperSignal®  West  Femto  Maxi¬ 
mum  Sensitivity  Substrate,  Pierce,  Rockford,  IL)  and 
exposed  to  X-ray  film.  Densities  for  the  known  and 
unknown  sample  bands  on  the  films  were  obtained  using 
a  Molecular  Dynamics  densitometer  with  ImageQuant 
Software  (Amersham,  Piscataway,  NJ). 

Known  amounts  of  pig  brain  tubulin  were  used  as 
standards  on  all  blots.  Prior  work  demonstrated  that 
microtubule  associated  protein-free  phosphocellulose- 
purified  tubulin  preps  from  pig  brain  is  3%  P-tubulin 
class  I,  55%  P-tubulin  class  II,  29%  P-tubulin  class  III, 
and  13%  P-tubulin  class  IV  [Banerjee  et  al.,  1988;  Doz- 
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Fig.  1.  Dot  blots  of  p-tubulin  isotype  fusion  proteins,  p -Tubulin  fusion 
proteins  were  transferred  to  PVDF  filters  and  reacted  with  anti-p-tubulin 
class  IVa  +  IVb  monoclonal  antibody  10A2.  Fusion  protein  reactions 
shown  are  for  p-tubulin  class  I  (Panel  a),  class  II  (Panel  b),  class  III 
(Panel  c),  class  IVa  (Panel  d),  class  IVb  (Panel  e),  class  V  (Panel  f),  and 
class  VI  (Panel  g).  Only  p-tubulin  fusion  proteins  constructed  with  class 
IVa  or  IVb  carboxyl  terminal  peptides  were  found  to  react. 

ier  et  al.,  2003].  The  quantities  of  tubulin  isotypes  in 
unknown  samples  were  calculated  from  linear  fits  of 
standard  curves  from  each  Western  blot  done  in  triplicate 
and  for  at  least  two  lysates  prepared  from  independently 
grown  cell  cultures.  It  was  critical  to  establish  the  linear¬ 
ity  of  response  for  each  antibody  and  to  determine  that 
unknown  samples  were  within  the  linear  range.  Extrapo¬ 
lation  to  values  outside  the  standard  curve  can  result  in 
significant  error. 

Calibration  of  Antibody  Reactivity  With  (3-Tubulin 
Fusion  Proteins 

The  tubulin  protein  measurements  in  the  work  pre¬ 
sented  here  were  done  on  lysates  from  human  cell  lines. 
Because  human  and  pig  brain  tubulins  may  interact  dif¬ 
ferentially  with  mouse  monoclonal  antibodies,  we  con¬ 
structed  fusion  proteins  with  human  (3-tubulin  isotype 
peptides  to  compare  and  calibrate  the  antibody  reactiv¬ 
ity.  Maltose  binding  protein  (MBP)  (3-tubulin  fusion  pro¬ 
teins  were  constructed  for  each  of  the  seven  human  (3- 
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tubulin  isotypes  (Table  I).  DNA  fragments  correspond¬ 
ing  to  the  coding  region  of  the  extreme  C-terminus  of  all 
seven  human  |3-tubulin  isotypes  were  obtained  by  PCR 
amplification  from  either  cDNA  or  genomic  DNA,  using 
the  primer  sets  indicated  in  Table  I.  The  fragments  were 
cloned  in-frame  (sites  indicated  in  Table  I)  into  a  modi¬ 
fied  version  of  the  pMBP-His-Parallel  vector  [Sheffield 
et  al.,  1999]  (a  gift  from  O.  Karginova,  Department  of 
Biology  and  Z.  Derewenda,  Department  of  Physiology 
and  Biophysics,  University  of  Virginia),  resulting  in  the 
generation  of  fusion  proteins  whose  N-terminus  was  the 
MBP,  and  whose  C-terminus  was  the  tubulin  isotype 
indicated,  separated  by  a  6X  His  tag.  Nucleotide  sequen¬ 
ces  across  the  relevant  portions  of  the  tubulin  coding 
regions  were  verified  using  the  Big  Dye  method  on  an 
ABI  310  DNA  sequencer.  The  fusion  proteins  were 
expressed  in  an  Escherichia  coli  DH5a  background  with 
induction  by  0.5  mM  isopropyl- (3 -D-thiogalactopyrano- 
side,  and  subsequently  purified  by  metal  chelate  chroma¬ 
tography  on  nickel  nitrilotriacetic  resin  (Qiagen).  Purity 
was  assessed  by  SDS-PAGE. 

The  fusion  proteins  were  loaded  in  known  amounts 
onto  SDS-PAGE  along  with  known  quantities  of  pig 
brain  tubulin.  The  fusion  protein  concentrations  were 
determined  from  the  optical  density  at  278  nm,  using 
extinction  coefficients  calculated  from  the  amino  acid 
sequence:  fusion- 13 -tubulin  class  I,  s278  =  1.493  1/g  cm; 
fusion- 13 -tubulin  class  II,  s278  =  1.489  1/g  cm;  fusion-|3- 
tubulin  class  III,  s278  =  1.500  1/g  cm;  fusion- 13 -tubulin 
class  IVa,  s278  =  1.493  1/g  cm;  fusion- 13 -tubulin  class 
IVb,  s278  =  1.489  1/g  cm.  The  concentration  of  pig  brain 
tubulin  was  also  determined  spectrophotometrically  (s278 
=  1.2  1/g  cm)  [Detrich  III  and  Williams  Jr.,  1978].  Gels 
were  transferred  to  PVDF  membranes  for  immunoblot- 
ting  and  the  reactivity  of  the  fusion  proteins  and  pig 
brain  were  compared  using  densitometry.  Correction  fac¬ 
tors  and  standard  errors  were  calculated  for  each  anti¬ 
body  (Table  II)  from  triplicate  Western  blots  by  dividing 
the  known  amount  of  |3 -tubulin  fusion  protein  loaded  on 


TABLE  II.  Corrections  for  p-Tubulin  Isotype  Data 
Determined  Using  Pig  Brain  Standards 


(3-  Tubulin  class 

Correction  factor  ±  SEa 

I 

0.64  ±  0.12 

II 

0.61  ±  0.17 

III 

0.27  ±  0.047 

IVa  +  IVb 

1.31  ±  0.31 

aThese  correction  factors  were  used  to  calculate  the  actual  amount  of 
(3-tubulin  in  human  cell  lines:  (3-tubulinhuman  =  correction  factor  X  (3- 
tubulinpig  brain.  Correction  factors  were  calculated  as  the  actual  amount 
(fig)  of  (3-tubulin  fusion  protein  loaded  on  the  gel  for  Western  blotting 
divided  by  the  amount  of  p -tubulin  predicted  using  pig  brain  tubulin 
for  the  standard  curve.  The  standard  error  (SE)  from  triplicate  blots  is 
indicated. 
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TABLE  III.  P-Tubulin  Isotype  Protein  and  mRNA  Levels 


Cell  line 

pi 

pn 

pill 

pIVa 

piVb 

pv 

Percentage  tubulin  isotype  mRNA 

Colon  cancer 

COLO  205 

85.7 

0.6 

2.6 

0 

11.1 

0 

HCT-15 

Breast  cancer 

65.0 

0.8 

3.4 

0 

5.1 

25.8 

BT-549 

74.9 

0.1 

16.0 

0 

2.3 

6.7 

T-47D 

76.2 

0.7 

0.7 

0.1 

6.4 

16.4 

MCF-7 

78.1 

0.2 

14.1 

0.1 

4.3 

3.2 

MDA-MB-231 
Lung  cancer 

78.3 

0.2 

2.4 

0 

15.8 

13.2 

A549 

57.8 

2.3 

6.7 

0.5 

4.2 

28.5 

HOP  18 
Melanoma 

38.9 

6.6 

14.8 

0 

9.7 

30.0 

Malme-3M 

57.7 

13.5 

8.0 

4.1 

1.6 

15.2 

SK-MEL-2 
Ovarian  cancer 

51.2 

1.1 

3.5 

0.9 

3.1 

40.2 

OVCAR-3 

42.6 

5.2 

5.2 

0.7 

9.4 

36.8 

SK-OV-3 

55.9 

0 

1.6 

0.1 

4.3 

38.1 

Cell  line 

pi 

pn 

pm 

pIVa  +  pIVb 

Percentage  tubulin  isotype  protein 

Colon  cancer 

COLO  205 

36.0 

0 

0 

64.0 

HCT-15 

Breast  cancer 

61.8 

0 

0.2 

38.0 

BT-549 

65.9 

0.6 

6.4 

27.1 

T-47D 

85.7 

0 

0 

14.3 

MCF-7 

39.1 

0 

2.5 

58.4 

MDA-MB-231 
Lung  cancer 

76.1 

0 

0 

23.9 

A549 

71.9 

0 

1.6 

26.5 

HOP  18 
Melanoma 

63.2 

1.5 

5.0 

30.3 

Malme-3M 

84.4 

3.8 

5.1 

7.0 

SK-MEL-2 
Ovarian  cancer 

73.1 

1.4 

1.5 

24.0 

OVCAR-3 

97.0 

0 

0 

3.1 

SK-OV-3 

85.6 

0 

0.8 

13.6 

the  gel  by  the  amount  of  P-tubulin  isotype  estimated 
from  the  pig  brain  standard  curve.  These  factors  were 
used  to  correct  the  data  obtained  using  pig  brain  standard 
curves  on  the  Western  blots.  The  percentages  of  tubulin 
isotype  proteins  shown  in  Table  III  and  Fig.  3b  were  cor¬ 
rected  using  the  correction  factors  in  Table  II. 

RESULTS 

p-Tubulin  mRNA  Expression 

We  used  qRT-PCR  to  measure  the  amounts  of  P- 
tubulin  isotype  mRNA  classes  I,  II,  III,  IVa,  IVb,  V,  and 
VI  for  each  of  the  12  cell  lines  (Fig.  2).  The  mRNA  lev¬ 
els  for  each  isotype,  with  the  exception  of  class  I,  dif¬ 
fered  by  more  than  10-fold  between  the  12  cell  lines; 
however,  the  total  tubulin  mRNA  levels  were  found  to 
be  fairly  constant,  differing  by  less  than  10-fold  across 


all  12  cell  lines.  This  is  consistent  with  the  previous  sug¬ 
gestion  that  total  tubulin  expression  levels  are  regulated 
to  fulfill  the  function  of  the  cytoskeleton  [Cabral  and 
Barlow,  1991;  Wang  and  Cabral,  2005]. 

Figure  3a  and  Table  III  present  the  isotype  mRNA 
data  as  percentages  of  total  P-tubulin  mRNA  for  each 
cell  line.  As  reported  for  other  cell  lines  [Nicoletti  et  al., 
2001],  it  is  clear  that  P-tubulin  class  I  mRNA  comprises 
more  than  50%  of  the  P-tubulin  mRNA  for  all  but  two  of 
the  cell  lines  examined.  As  expected,  the  hematopoietic- 
specific  P-tubulin  class  VI  mRNA  was  either  absent  or 
4-6  orders  of  magnitude  less  prevalent  (Fig.  2)  than  P- 
tubulin  class  I.  The  neuron- specific  isotype,  P-tubulin 
class  III,  was  expressed  at  relatively  high  levels  (>10% 
of  total  mRNA)  in  3  of  the  12  cell  lines,  including  2  of 
the  4  breast  cancer  cell  lines.  In  fact,  P-tubulin  class  III 
mRNA  constituted  more  than  1%  of  the  tubulin  message 
in  all  of  the  cell  lines  except  T-47D,  a  surprising  result 
considering  that  P-tubulin  class  III  is  neuron  specific.  In 
addition,  several  cell  lines  expressed  very  low  but  meas¬ 
urable  levels  of  the  “neuron-specific”  P-tubulin  class 
IVa.  Relatively  high  levels  of  P-tubulin  class  V  mRNA 
(>25%  of  the  total  P-tubulin  mRNA)  were  detected  in 
half  of  the  cell  lines.  This  raises  the  intriguing  possibility 
that  P-tubulin  class  V  is  highly  expressed  in  human  cells, 
something  that  has  not  been  measurable  until  recently 
due  to  the  absence  of  a  commercially  available  P-tubulin 
class  V  antibody.  Overall,  the  mRNA  levels  of  P-tubulin 
class  IVb  were  comparable  to  those  of  P-tubulin  class 
III,  although  one  or  the  other  was  significantly  more 
abundant  in  some  cell  lines.  In  general,  P-tubulin  class  II 
mRNA  was  less  abundant  than  P-tubulin  classes  I,  III, 
IVb,  and  V  messages. 

Because  alterations  in  tubulin  isotype  levels  have 
been  implicated  in  resistance  to  antimitotic  agents 
[Kavallaris  et  al.,  1997,  1999;  Ranganathan  et  al.,  1998; 
Banerjee,  2002],  we  measured  IC50  levels  for  all  12  cell 
lines  used  in  this  study  (Table  IV).  No  correlations 
between  IC50  values  and  tubulin  isotype  mRNA  levels 
were  found  (data  not  shown).  However,  these  cell  lines 
represent  several  tumor  types  and  the  contribution  of 
tubulin  isotypes  to  drug  sensitivity  could  be  masked  by 
many  factors. 

p-Tubulin  Protein  Levels 

Mouse  monoclonal  antibodies  specific  for  P-tubulin 
classes  I,  II,  III,  and  IVa  +  IVb  were  utilized  in  quantita¬ 
tive  Western  blotting  of  whole  cell  lysates  from  12  human 
cell  lines.  We  found  that  pig  brain  tubulin  is  a  plentiful 
and  reliable  source  of  tubulin  for  standard  curves  on 
Western  blots.  However,  because  pig  brain  tubulin  and 
human  cell  lysates  may  react  differently  with  the  mono¬ 
clonal  antibodies,  we  constructed  fusion  proteins  with  the 
human  tubulin  carboxyl  terminal  peptides  and  compared 
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|i Tubulin  Isotype 


Fig.  2.  (3-Tubulin  isotype  mRNA  for  twelve 
cell  lines.  Mean  data  from  qRT-PCR  of  two  or 
more  cell  preps  are  shown.  Data  from  (3 -tubulin 
isotype  classes  I  (1),  II  (2),  III  (3),  IVa  (4a),  IVb 
(4b),  V  (5),  and  VI  (6)  were  summed  to  calculate 
the  total  p -tubulin  mRNA  in  each  cell  line. 


their  reactivities  on  Western  blots  with  that  of  pig  brain 
tubulin.  The  largest  difference  in  reactivity  was  found  for 
(3-tubulin  class  III  (Table  II).  The  reaction  of  TUJ1  mono¬ 
clonal  antibody  with  pig  brain  standard  overestimates  the 
actual  amount  of  human  (3 -tubulin  class  III  fusion  protein 
by  3.7  (±0.6)-fold.  |3-Tubulin  classes  I  and  II  are  overes¬ 
timated  by  about  1.6  (±0.4)-fold  using  the  pig  brain 
standards,  and  |3-tubulin  classes  IVa  +  IVb  are  underesti¬ 
mated  by  about  0.8  (±0.2)-fold.  We  adjusted  all  tubulin 
measurements,  using  the  correction  factors  in  Table  II,  to 
estimate  actual  tubulin  protein  levels  in  human  cell  lines. 
An  alternate  method  of  standardization  is  to  construct 
standard  curves  with  the  |3-tubulin  fusion  proteins.  The 
advantage  of  the  quantitative  immunoblot  method  pre¬ 
sented  here  is  that  it  can  be  used  as  a  rigorous  tool  for 
studying  tubulin  levels  in  whole  cell  or  tissue  lysates 
without  requiring  fusion  protein  standards. 

We  used  quantitative  Western  blotting  of  whole  cell 
lysates  to  measure  |3 -tubulin  isotype  protein  levels  for 
classes  I,  II,  III,  and  IVa  +  IVb  (Fig.  3b  and  Table  III). 
Significant  levels  of  |3-tubulin  classes  I  and  IVa  +  IVb 
were  found  in  all  12  cell  lines,  ranging  from  36.0-97.0% 
for  |3-tubulin  class  I  and  from  3.1-64.0%  for  |3-tubulin 
classes  IVa  +  IVb.  |3-Tubulin  class  I  comprised  >50%  of 
the  total  |3 -tubulin  measured  in  10  of  the  12  cell  lines.  (3- 
Tubulin  classes  IVa  +  IVb  comprised  >50%  of  the  total 
|3-tubulin  in  breast  cancer  (MCF-7)  and  colon  cancer 
(COLO  205)  cells.  |3-Tubulin  class  III  comprised  more 
than  1%  of  the  total  |3-tubulin  protein  (1. 5-6.4%)  in 


breast  cancer  cell  lines,  BT-549  and  MCF-7;  lung  cancer 
cells,  A549  and  HOP  18;  and  melanoma  cells,  Malme-3M 
and  SK-MEL-2.  |3-Tubulin  class  II  was  found  at  low  but 
measurable  levels  (0.6-3. 8%)  in  only  four  cell  lines — 
breast  cancer  (BT-549),  lung  cancer  (HOP  18)  and  mela¬ 
noma  (SK-MEL-2  and  Malme-3M)  cell  lines. 

Comparison  of  mRNA  and  Protein 

|3-Tubulin  mRNA  and  protein  levels  for  isotype 
classes  I,  II,  III,  and  IVa  +  IVb  are  compared  in  Fig.  4. 
|3-Tubulin  classes  V  and  VI  mRNA  data  were  not 
included  in  this  analysis  because  we  did  not  have  corre¬ 
sponding  protein  data.  Thus,  the  percentages  of  (3-tubulin 
isotype  mRNA  in  Fig.  4  were  calculated  assuming  that 
the  total  tubulin  was  comprised  of  only  |3 -tubulin  isotype 
classes  I,  II,  III,  and  IVa  +  IVb.  (3-Tubulin  classes  I  and 
IVa  +  IVb  are  present  in  greatest  abundance  for  both 
mRNA  and  protein.  Only  (3-tubulin  class  I  data  suggest  a 
near  one-to-one  correspondence  for  mRNA  and  protein. 
For  (3-tubulin  class  I,  10  of  the  12  cell  lines  have  both 
mRNA  and  protein  levels  >50%.  For  (3-tubulin  class 
IVa  +  IVb,  there  is  consistently  more  protein  than 
mRNA  in  10  of  the  12  cell  lines.  (3-Tubulin  class  II 
protein  is  found  in  only  four  cell  lines;  therefore,  no  gen¬ 
eral  conclusions  regarding  the  relationship  between 
mRNA  and  protein  levels  can  be  made.  (3-Tubulin  class 
III  protein  is  found  in  eight  cell  lines.  The  mRNA  and 
protein  amounts  for  (3-tubulin  class  III  correspond  (Fig. 
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4,  Panel  c  insert),  although  there  is  consistently  more 
mRNA  than  protein. 

DISCUSSION 

The  role  of  P -tubulin  isotype  levels  in  determining 
cellular  responses  to  antimitotic  agents  has  been  contro¬ 
versial  for  more  than  a  decade.  Most  studies  have  relied 
upon  measurements  of  intracellular  tubulin  mRNA  levels 
to  infer  protein  levels.  However,  mRNA  and  protein  lev¬ 
els  are  not  correlated  for  many  human  and  yeast  proteins, 
especially  those  that  are  regulated  by  posttranscriptional 
processes  [Anderson  and  Seilhamer,  1997;  Gygi  et  al., 
1999].  Thus,  it  is  important  to  establish  whether  there  is 
a  correlation  between  tubulin  mRNA  and  protein  levels 
so  as  to  better  understand  mechanisms  that  may  underlie 
drug  resistance. 

We  present  here  a  reliable  method  for  quantifying 
P -tubulin  protein  levels  in  whole  cell  lysates.  We  dem¬ 
onstrated  that  tubulin  isotype  fusion  proteins  or  pig  brain 
tubulin  calibrated  with  the  fusion  proteins  can  be  used  to 
create  a  standard  curve  on  Western  blots.  We  find  this  to 
be  an  acceptable  method  for  protein  quantification  for 
the  following  reasons:  (1)  The  monoclonal  antibodies 
used  in  this  work  are  highly  specific  as  demonstrated  by 
blots  with  either  purified  tubulin  isotypes  or  tubulin  iso¬ 
type  fusion  proteins  [Lee  et  al.,  1990;  Lobert  et  al.,  1995, 
1998;  Roach  et  al.,  1998]  (Fig.  1).  (2)  The  data  are 
highly  reproducible.  We  present  here  data  collected  from 
independent  cell  protein  extractions  and  at  least  three 
Western  blots  for  each  whole  cell  lysate.  The  standard 
error  for  each  measurement  was  propagated  from  the 
biological  (individual  protein  preparations)  and  technical 
(individual  Western  blots)  replicates  and  is  represented 
as  the  error  bars  in  Fig.  3b.  For  the  two  most  abundant 
isotypes  measured,  P-tubulin  classes  I  and  IVa  +  IVb, 
the  average  error  was  14.6%  and  23.3%,  respectively. 
(3)  There  is  good  agreement  between  the  mRNA  and 
protein  levels  for  P-tubulin  isotype  classes  I  and  III 
(although  for  P-tubulin  class  III  the  correspondence  is 
not  one-to-one).  The  agreement  in  isotype  percentages 
by  two  independent  methods  supports  the  findings  and 
the  method  used  for  protein  quantification. 

The  higher  P-tubulin  class  IVa  +  IVb  protein  lev¬ 
els  compared  to  mRNA  levels  suggest  possible  differen¬ 
tial  regulatory  mechanisms  for  this  isotype  compared  to 
P-tubulin  classes  I  and  III.  Fine  tuning  of  tubulin  levels 
during  the  cell  cycle  occurs  via  autoregulation.  This 
process  alters  mRNA  stability  and  requires  both  an 
essential  sequence  on  polysomal  P-tubulin  mRNA  and 
an  aminoterminal  Met-Arg-Glu-Ile  on  the  nascent  tubu¬ 
lin  polypeptide  [Pachter  et  al.,  1987;  Cleveland,  1988; 
Yen  et  al.,  1988].  Furthermore,  a-tubulin  mRNA  levels 
remain  high  even  when  protein  synthesis  is  repressed 


[Gonzalez-Garay  and  Cabral,  1996].  In  fact,  a-tubulin 
synthesis  in  Chinese  hamster  ovary  (CHO)  cells  appears 
to  play  a  role  in  regulating  P-tubulin  protein  levels.  This 
phenomenon  of  tubulin  posttranscriptional  autoregula¬ 
tion  was  demonstrated  in  a  wide  variety  of  vertebrate 
and  invertebrate  cell  types.  Intracellular  tubulin  levels 
are  also  transcriptionally  regulated  [Cleveland,  1989].  It 
is  possible  that  individual  isotypes  may  be  differentially 
regulated  while  maintaining  free  tubulin  subunits  at  lev¬ 
els  necessary  for  different  phases  of  the  cell  cycle.  Our 
data  demonstrate  relatively  constant  amounts  of  total 
tubulin  message  in  spite  of  variations  in  individual  iso¬ 
type  mRNA  levels  (Fig.  2).  Because  of  the  relatively  low 
levels  of  P-tubulin  classes  IVa  +  IVb  mRNA  compared 
to  protein,  our  data  suggest  that  differential  methods  for 
regulating  P-tubulin  classes  (I  or  III  vs.  IVa  +  IVb)  are 
likely.  Alternatively,  pairing  of  specific  a-  and  P-tubu- 
lins  may  lead  to  differential  stability  of  P -tubulins 
[Hoyle  et  al.,  2001]. 

P-Tubulin  class  III  has  been  studied  extensively  for 
its  potential  role  in  resistance  to  antimitotic  agents.  For 
example,  paclitaxel-resistant  lung  cancer  cells  and  ovarian 
tumors  were  shown  to  have  increased  levels  of  tubulin  iso¬ 
types,  particularly  P-tubulin  classes  III  and  IVa  mRNA 
levels  [Kavallaris  et  al.,  1997].  Furthermore,  when  pacli¬ 
taxel-resistant  lung  cancer  cells  were  treated  with  antisense 
oligonucleotides  for  P-tubulin  class  III,  the  drug  resistance 
was  partially  reversed,  coincident  with  reduced  protein 
levels  of  P-tubulin  class  III  [Kavallaris  et  al.,  1999].  In 
other  work,  P-tubulin  classes  III  and  IVa  transcripts  were 
shown  to  increase  in  paclitaxel-resistant  prostate  cancer 
cells  [Ranganathan  et  al.,  1998].  Combined  isoelectric  fo¬ 
cusing  and  mass  spectrometry  were  used  to  measure  tubu¬ 
lin  isotypes  in  four  cell  lines  [Verdier-Pinard  et  al.,  2003]. 
This  report  demonstrated  an  increase  in  P-tubulin  class  III 
and  associated  this  with  paclitaxel  resistance  in  lung  can¬ 
cer  cells.  In  the  most  convincing  study,  when  cells  were 
transfected  with  P-tubulin  class  III,  weak  resistance  to 
paclitaxel  was  found  and  this  resistance  was  associated 
with  decreased  microtubule  stability  [Hari  et  al.,  2002]. 
Thus,  there  is  considerable  interest  in  determining  whether 
functional  P-tubulin  class  III  protein  is  involved  in  mecha¬ 
nisms  that  cause  resistance  to  antimitotic  agents.  Because 
qRT-PCR  is  a  commonly  used  reliable  method  for  quanti¬ 
tation  of  mRNA  levels,  it  is  potentially  an  important 
method  for  better  understanding  the  role  of  P-tubulin  iso¬ 
types  in  drug  resistance.  To  draw  conclusions  from  mRNA 
measurements,  it  is  essential  to  know  whether  transcript 
levels  correlate  with  protein  levels.  In  the  work  described 
here,  P-tubulin  class  III  mRNA  and  protein  levels  are  cor¬ 
related  but  do  not  demonstrate  one-to-one  correspondence. 
P-Tubulin  class  III  mRNA  may  be  useful  for  comparing 
relative  amounts  of  this  isotype  across  cell  and  tissue  sam¬ 
ples;  however,  quantitatively  inferring  P-tubulin  protein 
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Fig.  3.  (3-Tubulin  isotype  profiles  for  12  cell  lines.  The  data  in  Table  III  are  plotted  as  bars  representing  the  percent  contribution  of  each  (3-tubulin  isotype  mRNA  (a)  or  protein  (b)  to  the 
total  tubulin  in  each  cell  line.  The  sum  of  the  values  for  all  six  (3-tubulin  isotype  classes  was  considered  as  the  total  tubulin  for  the  mRNA  percentage  calculations.  The  sum  of  the  (3-tubulin 
isotype  classes  I,  II,  III,  and  IVa  +  IVb  was  considered  to  be  the  total  tubulin  for  the  protein  analysis.  Error  bars  represent  standard  deviation  from  multiple  experiments,  as  described  in  the 
Materials  and  Methods. 
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TABLE  IV.  Drug  Sensitivities  of  Human  Cancer  Cell  Lines  to  Paclitaxel  and  Vinblastine  as  Measured  by  Two  Different  Assays 


Cancer  cell  line 

Drug 

TC,0 

(nM) 

IC50  (nM)  Mean 

Fold  difference13 

Cell  count 

MTS  assaya 

Colon 

COLO-205 

Paclitaxel 

29.2 

26.1 

27.7 

6.0 

HCT-15 

Paclitaxel 

6.4 

2.8 

4.6 

COLO-205 

Vinblastine 

0.6 

0.7 

0.7 

HCT-15 

Vinblastine 

31.1 

24.9 

28.0 

40 

Breast 

BT-549 

Paclitaxel 

4.3 

5.5 

4.9 

4.9  (MCF7),  12.3  (MDA),  3.3  (T-47D) 

MCF-7 

Paclitaxel 

1.0 

1.0 

1.0 

2.5  (MDA) 

MDA-MB-231 

Paclitaxel 

0.3 

0.5 

0.4 

T-47D 

Paclitaxel 

0.8 

2.3 

1.5 

1.5  (MCF7),  3.8  (MDA) 

BT-549 

Vinblastine 

0.9 

1.3 

1.1 

2.8  (MCF7) 

MCF-7 

Vinblastine 

0.4 

0.4 

0.4 

MDA-MB-231 

Vinblastine 

2.2 

0.9 

1.6 

1.5  (BT549),  4.0  (MCF7) 

T-47D 

Vinblastine 

5.3 

13.5 

9.3 

8.5  (BT549),  23.3  (MCF7),  5.8  (MDA) 

Lung 

A-549 

Paclitaxel 

2.9 

2.5 

2.7 

3.9 

HOP- 18 

Paclitaxel 

0.6 

0.8 

0.7 

A-549 

Vinblastine 

2.1 

1.2 

1.7 

3.4 

HOP- 18 

Vinblastine 

0.7 

0.4 

0.5 

Melanoma 

Malme-3M 

Paclitaxel 

4.2 

4.6 

4.4 

1.1 

SK-MEL-2 

Paclitaxel 

3.7 

4.1 

3.9 

Malme-3M 

Vinblastine 

0.3 

1.1 

0.7 

SK-MEL-2 

Vinblastine 

0.6 

1.3 

0.9 

1.3 

Ovarian 

OVCAR-3 

Paclitaxel 

2.1 

0.8 

1.5 

SK-OV-3 

Paclitaxel 

2.0 

4.6 

3.3 

2.2 

OVCAR-3 

Vinblastine 

3.7 

1.3 

2.5 

1.6 

SK-OV-3 

Vinblastine 

2.3 

0.9 

1.6 

aMTS  is  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,  inner  salt,  a  component  of  CellTiter  96® 
AQueous  One  Solution  Cell  Proliferation  Assay. 

determined  by  dividing  the  larger  mean  IC50  by  the  smaller  for  each  pair  of  cell  lines.  For  the  breast  cancer  cells,  the  cell  line  compared  is 
given  in  parentheses. 


levels  from  mRNA  levels  within  a  cell  or  tissue  type 
should  be  done  with  caution. 

The  work  of  Bhattacharya  and  Cabral  [2004]  sug¬ 
gests  a  minimum  threshold  level  for  |3-tubulin  class  V 
that  alters  mitotic  spindle  function.  They  found  that 
modest  increases  in  (3-tubulin  class  V,  to  levels  of  15% 
or  more  of  the  total  (3 -tubulin,  may  increase  microtu¬ 
bule  dynamics  and  decrease  microtubule  polymer  lev¬ 
els.  This  was  shown  to  be  associated  with  weak  resist¬ 
ance  to  paclitaxel.  We  found  threshold  levels  of  13- 
tubulin  class  V  mRNA  (>15%)  in  several  cell  lines: 
colon  cancer,  HCT-15;  breast  cancer,  T-47D;  lung  can¬ 
cer,  A549  and  HOP- 18;  melanoma,  Malme-3M  and 
SK-MEL-2;  ovarian,  OVCAR-3  and  SK-OV-3.  We 
found  no  correlation  between  IC50  values  for  paclitaxel 
or  vinblastine  and  percentage  (3-tubulin  class  V  mRNA 
(data  not  shown).  While  the  relationship  between 
mRNA  and  protein  levels  for  this  isotype  remains  to  be 
determined,  one  difference  between  the  work  reported 
here  and  that  of  Bhattacharya  and  Cabral  [2004]  is  that 


they  carefully  established  that  only  one  variable  is 
altered  in  the  |3 -tubulin  class  V  overexpressing  CHO 
cells.  In  our  work,  many  variables  differ  among  the  12 
cell  lines  and  some  of  them  may  compensate  for 
changes  in  (3-tubulin  class  V  levels.  Preliminary  exami¬ 
nation  of  one  of  the  breast  cancer  cell  lines,  BT-549, 
by  mass  spectrometry  revealed  the  presence  of  13-tubu¬ 
lin  class  V  (data  not  shown).  Therefore,  we  expect  to 
find  (3-tubulin  class  V  protein  in  some  or  all  of  the 
twelve  cell  lines.  We  have  recently  developed  a  mono¬ 
clonal  antibody  to  |3 -tubulin  class  V,  which  should  per¬ 
mit  quantitative  measurement  of  protein  levels  and  pro¬ 
vide  data  regarding  the  contribution  of  (3-tubulin  class 
V  to  drug  resistance. 

CONCLUSIONS 

From  our  comparison  of  |3 -tubulin  isotype  mRNA 
and  protein  levels  on  12  human  cancer  cell  lines,  we  con¬ 
clude  that  quantitative  Western  blotting,  utilizing  human 
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Fig.  4.  Comparison  of  p-tubulin  isotype  protein  levels  with  mRNA  levels.  Only  p-tubulin  isotype  classes  I  (pi),  II  (pH),  III  (pill),  and  IV  (pIVa  +  IVb)  were  considered  when  calculating 
the  total  mRNA  and  protein  levels.  Solid  bars  represent  mean  mRNA  and  open  bars  represent  mean  protein  values.  Panel  a:  pi,  Panel  b:  pH,  Panel  c:  pill,  and  Panel  d:  piVa  +  IVb.  Insert 
in  Panel  c  shows  a  plot  of  mRNA  vs.  protein  data  for  p-tubulin  class  III  fit  by  linear  regression.  The  straight  line  represents  the  best  fit  of  the  data.  The  correlation  coefficient,  R  (Pearson’s 
product-moment)  for  the  fit  and  the  P-value  relative  to  a  horizontal  line  (no  correlation)  are  shown. 
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|3-tubulin  fusion  proteins  or  pig  brain  tubulin  with  appro¬ 
priate  correction  factors,  is  a  reliable  method  for  quanti¬ 
fying  |3-tubulin  isotypes  in  human  cancer  cell  lines.  We 
found  a  good  correspondence  between  |3 -tubulin  mRNA 
and  protein  levels  for  classes  I  and  III.  For  |3-tubulin 
classes  IVa  +  IVb,  the  higher  levels  of  protein  compared 
to  mRNA  suggest  potential  differential  regulatory  mech¬ 
anisms  for  |3-tubulin  isotypes. 
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Abstract  Lung  cancer  continues  to  be  a  major  deadly  malignancy.  The  mortality  of  this  disease 
could  be  reduced  by  improving  the  ability  to  predict  cancer  patients'  survival.  We  hypothe¬ 
sized  that  genes  differentially  expressed  among  cells  constituting  an  in  vitro  human  lung 
carcinogenesis  model  consisting  of  normal,  immortalized,  transformed,  and  tumorigenic 
bronchial  epithelial  cells  are  relevant  to  the  clinical  outcome  of  non-small  cell  lung  cancer 
(NSCLC).  Multidimensional  scaling,  microarray,  and  functional  pathways  analyses  of  the 
transcriptomes  of  the  above  cells  were  done  and  combined  with  integrative  genomics  to 
incorporate  the  microarray  data  with  published  NSCLC  data  sets.  Up-regulated  (n  =  301) 
and  down-regulated  genes  (n  =  358)  displayed  expression  level  variation  across  the  in  vitro 
model  with  progressive  changes  in  cancer-related  molecular  functions.  A  subset  of  these 
genes  (n  =  584)  separated  lung  adenocarcinoma  clinical  samples  (n  =  361)  into  two  clusters 
with  significant  survival  differences.  Six  genes,  UBE2C,  TPX2,  MCM2,  MCM6,  FEN1,  and 
SFN,  selected  by  functional  array  analysis,  were  also  effective  in  prognosis.  The  mRNA 
and  protein  levels  of  one  these  genes — UBE2C — were  significantly  up-regulated  in  NSCLC 
tissue  relative  to  normal  lung  and  increased  progressively  in  lung  lesions.  Moreover,  stage  I 
NSCLC  patients  with  positive  UBE2C  expression  exhibited  significantly  poorer  overall  and 
progression-free  survival  than  patients  with  negative  expression.  Our  studies  with  this  in  vitro 
model  have  lead  to  the  identification  of  a  robust  six-gene  signature,  which  may  be  valuable  for 
predicting  the  survival  of  lung  adenocarcinoma  patients.  Moreover,  one  of  those  genes, 
UBE2C,  seems  to  be  a  powerful  biomarker  for  NSCLC  survival  prediction. 


In  2008,  215,020  new  cases,  and  161,840  deaths  due  to  lung 
cancer  were  expected  in  the  United  States,  accounting  for 
31%  of  all  cancer  deaths  (1).  Lung  cancer  mortality  is  high  be¬ 
cause  most  cancers  are  diagnosed  after  regional  or  distant 


Authors'  Affiliations:  1  Departments  of  Thoracic/Head  and  Neck  Medical 
Oncology,  2Pathology,  and  3Biostatistics,  University  of  Texas  M.  D.  Anderson 
Cancer  Center,  Houston,  Texas 

Received  4/1/09;  revised  4/29/09;  accepted  5/18/09;  published  OnlineFirst 
7/28/09. 

Grant  support:  Department  of  Defense  grant  W81XWH-04-1  -01 42,  and  by  Na¬ 
tional  Cancer  Institute  grants  UOI  CA86390  (Early  Detection  Research  Network), 
P50  CA70907  (Specialized  Programs  of  Research  Excellence  program  in  lung 
cancer),  and  the  Cancer  Center  Support  grant  P30  CA  16672  (Affymetrix  Core). 

Note:  Supplementary  data  for  this  article  are  available  at  Cancer  Prevention 
Research  Online  (http://cancerprevres.aacrjournals.org/). 

H.  Kadara  and  L.  Lacroix  contributed  equally  to  this  work  and  should  be 
considered  as  first  authors. 

Current  address  for  L.  Lacroix:  Department  of  Biopathology,  Gustave- 
Roussy  Institute,  94805  Villejuif,  France. 

Current  address  for  E.  Tahara:  Wakunaga  Pharmaceutical,  Co.  Ltd.,  1624 
Shimokotachi,  Koda-Cho,  Akitakata-Shi,  Hiroshima,  739-1195,  Japan. 

Requests  for  reprints:  Reuben  Lotan,  M.  D.  Anderson  Cancer  Center,  1515 
Holcombe  Boulevard,  Houston,  TX  77030.  Phone:  713-792-8467;  Fax:  713- 
796-8655;  E-mail:  rlotan@mdanderson.org. 

©2009  American  Association  for  Cancer  Research. 

doi:1 0.1 1 58/1 940-6207. CAPR-09-0084 


spread  of  the  disease  had  already  occurred  (2,  3).  It  is  notewor¬ 
thy  that  even  the  5-year  survival  rate  of  stage  I  lung  cancer  is 
among  the  worst  for  early-stage  disease  of  all  other  malignan¬ 
cies  (1,  4).  It  is  plausible  to  assume  that  the  mortality  of  pa¬ 
tients  will  decrease  if  progress  is  made  in  identification  of 
effective  prognostic  molecular  biomarkers. 

Lung  carcinogenesis  involves  the  accumulation  of  genetic 
and  epigenetic  alterations  that  occur  over  a  long  course  due 
to  chronic  exposure  to  carcinogens  such  as  tobacco  smoke  or 
to  genetic  susceptibility  factors  (2).  Several  early  changes  that 
occur  during  lung  carcinogenesis  have  been  identified  includ¬ 
ing  mutations  of  TP53  and  KRAS  (5,  6),  silencing  of  retinoic 
acid  receptor  |3  (7),  inactivation  of  the  cyclin-dependent  kinase 
inhibitor  p  16  /CDKN2 A  (8),  epidermal  growth  factor  receptor 
amplification  and  mutations  in  adenocarcinomas,  and  ampli¬ 
fication  and  mutations  of  the  tyrosine  kinase  receptors,  HER2 
and  MET  (2,  3).  However,  all  of  the  abovementioned  changes 
account  for  <60%  of  human  lung  cancers.  Moreover,  com¬ 
pared  with  substantial  knowledge  about  the  malignant  stage, 
our  understanding  of  the  molecular  changes  occurring  early  in 
lung  carcinogenesis  is  still  lacking. 

One  well-characterized  system  for  studying  changes  that 
occur  at  different  stages  of  lung  carcinogenesis  consists  of 
normal  human  bronchial  epithelial  (NHBE)  cells,  NHBE  cells 
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immortalized  with  SV40  T/Adenol2  vims  (BEAS-2B),  and 
three  cell  lines  derived  from  BEAS-2B  after  s.c.  growth  as  xe¬ 
notransplants  in  nude  mice;  immortalized  (1799),  transformed 
(1198),  and  tumorigenic  (1170-1).  The  latter  two  were  isolated 
after  exposure  of  BEAS-2B  transplants  to  cigarette  smoke  con¬ 
densate  in  vivo  (9).  The  study  of  this  in  vitro  human  lung  car¬ 
cinogenesis  model  offers  opportunities  to  identify  different 
progressive  molecular  changes  that  are  relevant  to  human 
lung  cancer  development. 

In  this  study,  we  identified  genes  that  are  expressed  differ¬ 
entially  and  progressively  among  the  cells  that  constitute  the 
in  vitro  model  that  helped  us  identify  a  six-gene  signature  that 
is  capable  of  predicting  the  survival  of  lung  adenocarcinoma. 
Furthermore,  we  showed  the  sequential  increase  of  ubiquitin- 
conjugating  enzyme  E2C  (UBE2C)  protein  levels  in  lung 
lesions  of  various  stages  as  well  as  its  up-regulation  in  non¬ 
small  cell  lung  cancer  (NSCLC)  tissue  specimens  and  poten¬ 
tial  as  a  powerful  molecular  marker  of  early  stage  NSCLC 
prognosis. 

Materials  and  Methods 

Cell  culture  and  tissue  specimens 

NHBE  cells  and  normal  small  airway  epithelial  cells  (SAEC)  were 
purchased  from  Cambrex/ Clonetics  and  used  at  the  second  passage 
in  our  laboratory.  The  in  vitro  lung  carcinogenesis  model  that  includes 
SV40  large  T-immortalized  NHBE  cells  (BEAS-2B  and  1799),  trans¬ 
formed  (1198),  and  tumorigenic  (1170-1)  cells  derived  from  BEAS-2B 
by  exposure  to  cigarette  smoke  condensate  during  in  vivo  growth  as 
xenotransplants  (9)  were  obtained  from  Dr.  Klein-Szanto  (Fox  Chase 
Cancer  Center,  Philadelphia,  PA).  All  of  the  above  cells  were  grown  in 
Keratinocyte  Serum-Free  Medium  (Life  Technologies,  Inc.)  containing 
epidermal  growth  factor  and  bovine  pituitary  extract  at  37°C  in  a  hu¬ 
midified  atmosphere  of  95%  air  and  5%  C02. 

RNA  extraction 

Total  RNA  was  purified  from  cultured  cells  or  frozen  tissues  using 
the  RNeasy  Mini  kit  according  to  the  manufacturer's  instruction  (QIA- 
GEN,  Inc.).  RNA  was  treated  with  DNase  provided  by  the  manufac¬ 
turer  for  elimination  of  genomic  DNA.  Extracted  total  RNA  was 
quantified  using  the  Nanodrop  ND-1000  spectrophotometer  (Thermo 
Fisher  Scientific).  RNA  quality,  based  on  the  28S/18S  rRNAs  ratio, 
was  assessed  using  the  Experion  automated  electrophoresis  system 
(Bio-Rad  Laboratories)  according  to  the  manufacturer's  instructions. 
A  total  of  1  jag  of  RNA  was  reverse-transcribed  using  the  Quantitect 
Reverse  Transcription  kit  (QIAGEN,  Inc.)  for  first-strand  cDNA  syn¬ 
thesis  with  random  primers  according  to  the  manufacturer's  instruc¬ 
tions  and  diluted  in  nuclease-free  water. 

Microarray  sample  preparation,  hybridization, 

scanning,  and  analysis 

All  steps  leading  to  generation  of  raw  microarray  data  were  pro¬ 
cessed  at  the  University  of  Texas  MD  Anderson  Murine  Microarray 
and  Affymetrix  Facility.  After  synthesis  and  cleanup  of  cRNA  from 
double-stranded  cDNA,  fragmented  cRNAs  (15  jag)  were  hybridized 
to  12  (six  cell  lines  in  duplicate)  GeneChip  Human  Genome  U133A 
arrays  (Affymetrix),  according  to  the  manufacturer's  instructions 
and  as  previously  described  (10).  The  arrays  were  scanned  with  a 
GeneChip  Scanner  3000  from  Affymetrix  and  raw  image  files  were 
converted  to  probe  set  data  (*.CEL  files),  using  the  Affymetrix  Gene¬ 
Chip  Operating  Software.  Microarray  analysis  is  detailed  in  the  sup¬ 
plementary  material  accompanying  this  manuscript.  Expression  data 
were  deposited  into  the  Gene  Expression  Omnibus  (GSE  accession 
#17073). 


Immunohistochemistry  analysis 

Immunohistochemistry  was  done  on  histology  sections  of  formalin- 
fixed  paraffin-embedded  tissue  samples,  using  the  purified  primary 
rabbit  polyclonal  anti-human  UBE2C/UBCH10  antibody  (A-650; 
Boston  Biochem.)  at  a  dilution  of  1:500.  The  sections  were  deparaffi- 
nized,  hydrated,  subjected  to  antigen  retrieval  by  heating  in  a  steamer 
for  20  min  with  10  mmol/L  sodium  citrate  (pH  6.0),  and  then  incubated 
in  peroxidase  blocking  reagent  (DAKO).  Sections  were  then  washed 
with  Tris-containing  buffer  and  incubated  overnight  at  4°C  with  the  pri¬ 
mary  anti-UBE2C  antibody.  Subsequently,  the  sections  were  washed 
and  incubated  with  the  secondary  antibody  (goat  anti-rabbit)  using 
the  Evision  plus  labeled  polymer  kit  (DAKO)  for  30  min  followed  by 
incubation  with  avidin-biotin-peroxidase  complex  (DAKO)  and  devel¬ 
opment  with  diaminobenzidine  chromogen  for  5  min.  Finally,  the  sec¬ 
tions  were  rinsed  in  distilled  water,  counterstained  with  hematoxylin 
(DAKO),  and  mounted  on  glass  slides  before  evaluation  under  the  mi¬ 
croscope.  Formalin-fixed  and  paraffin-embedded  pellets  from  lung 
cancer  cell  lines  displaying  UBE2C  expression  by  Western  blot  analysis 
were  used  as  a  positive  control,  whereas  samples  processed  similarly,  ex¬ 
cept  for  the  omission  of  the  primary  antibody  were  used  as  negative  con¬ 
trols.  A  lung  cancer  pathologist  examined  the  UBE2C  immunostaining 
using  light  microscopy.  Only  nuclear  UBE2C  expression  was  evaluated 
because  most  of  the  UBE2C  immunoreactivity  was  detected  in  the  nucle¬ 
us.  Nuclear  UBE2C  immunostaining  was  quantified  using  a  range  of  0  to 
100  according  to  the  percentage  of  positive  nuclei  present  among  all  tu¬ 
mor  or  epithelium  cells  present  in  the  tissue  microarray  (TMA)  cores. 

Statistical  analyses 

The  data  were  summarized  using  standard  descriptive  statistics.  The 
rank-based  nonparametric  Wilcoxon  rank-sum  test  was  used  to  assess 
the  significance  of  the  differences  in  nuclear  UBE2C  score  among  all 
normal,  preneoplastic,  and  malignant  lung  tissue  histologic  sections. 
The  association  between  nuclear  UBE2C  expression  and  NSCLC  pa¬ 
tients'  smoking  status  was  also  assessed  using  the  Wilcoxon  rank- 
sum  test.  The  association  between  nuclear  UBE2C  expression  and 
patient  survival  was  analyzed  as  previously  described  (11).  Continuous 
UBE2C  nuclear  scores  were  dichotomized  into  two  categories  (UBE2C 
negative  and  UBE2C  positive)  using  the  Classification  and  Regression 
Tree  algorithm  for  both  the  overall  and  progression-free  survival  of 
patients,  which  were  compared  by  the  Kaplan-Meier  method  for  esti¬ 
mation  of  survival  probability  using  the  R  2.6.0  statistical  package.4 

Results 

Identification  of  differential  gene  expression  in 

normal,  immortalized,  transformed,  and  tumorigenic 

lung  epithelial  cells 

Multidimensional  scaling  analysis  of  the  transcrip  tome  of 
the  in  vitro  lung  carcinogenesis  cell  constituents  revealed  that 
normal  (NHBE  and  SAEC),  immortalized  (BEAS-2B  and  de¬ 
rived  1799),  transformed  (1198),  and  tumorigenic  (1170-1)  cells 
were  positioned  in  different  coordinates  within  the  planes, 
with  the  normal  and  tumorigenic  cells  being  the  farthest  apart 
(Fig.  1A).  The  two  normal  cell  strains  (NHBE  and  SAEC)  were 
almost  super-imposable,  with  the  1799  cells  resembling  more 
closely  the  transformed  and  tumorigenic  cells,  which  were  in 
close  proximity  to  each  other. 

The  initial  analysis  of  the  Affymetrix  U133A  chips  gene  ex¬ 
pression  data  identified  1221  gene  features  that  were  differen¬ 
tially  expressed  by  at  least  1.65-fold  in  any  of  the  indicated  cells 
compared  with  the  NHBE  cells  (Fig.  IB).  SOM  analysis  and 
unsupervised  clustering  by  Pearson  correlation  and  average 
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Fig.  1.  Differentially  expressed  genes  and  cancer-related  molecular  functions  between  normal,  immortalized,  transformed,  and  tumorigenic  lung  epithelial  cells. 

A  multidimensional  scaling  analysis  by  centered  correlation  and  average  linkage  of  the  transcriptome  of  the  indicated  lung  epithelial  cells.  B,  unsupervised  cluster 
analysis  by  Pearson  correlation  and  average  linkage  of  1221  gene  features  found  to  be  differentially  expressed  in  the  cells  by  at  least  1.65-fold  compared  with 
NHBE  cells.  Data  are  represented  in  a  matrix  format  in  which  individual  rows  represent  single  gene  features  and  columns  represent  experiments.  High  {red)  or 
low  {green )  gene  expression  levels  are  indicated,  respectively,  as  indicated  by  the  log2  transformed  scale  bar.  C,  SOM  analysis  of  variation  of  the  differentially 
expressed  gene  features.  Genes  with  progressive  up-regulation  {red)  or  down-regulation  {green )  are  highlighted,  respectively,  in  the  graphs.  D,  functional  pathways 
analysis  of  genes  differentially  expressed  in  cells  by  at  least  2-fold  relative  to  the  NHBE  cells  using  global  functional  categories  from  IPA.  The  value  of 
-log(significance)  represents  the  inverse  log  of  the  P  values  of  the  modulation  of  the  depicted  functional  categories  between  the  different  cells.  The  number  of  genes 
displaying  >2-fold  change  is  indicated  above  each  bar. 


linkage  identified  659  genes  (301  up-regulated  and  358  down- 
regulated;  red  and  green,  respectively)  displaying  progressive 
variation  from  the  NHBE  to  the  1170-1  cells  (Fig.  1C).  Genes  with 
progressive  variation  by  at  least  2-fold  across  cells  of  the  in  vitro 
human  lung  carcinogenesis  model  were  further  functionally  an¬ 
alyzed  using  Ingenuity  Pathways  Analysis  (IPA)®.  Cell  growth 
and  proliferation,  cell  death,  cell  cycle,  DNA  recombination  and 
repair,  and  cell  to  cell  interaction  gene  sets  were  estimated  by 
IPA®  to  be  altered  in  function  significantly  (measured  as  -log 
of  the  P  value)  and  progressively  across  cells  of  the  in  vitro 
model  (Fig.  ID).  In  addition,  the  number  of  genes  differentially 
expressed  relative  to  NHBE  cells  and  in  four  molecular  gene  sets 
(indicated  above  the  bars)  was  highest  in  the  1170-1  tumorigenic 
cells  and  lowest  in  the  normal  SAEC  (Fig.  ID). 

Significant  modulation  of  high-interaction  gene 
networks  in  the  tumorigenic  1170-1  cells  relative  to  the 
NHBE  cells 

We  next  tried  to  identify  genes  predicted  to  be  important  in 
the  progression  of  the  in  vitro  human  lung  carcinogenesis  mod¬ 
el  through  both  their  modulation  in  expression  and  molecular 
interactions.  Gene  interaction  network  analysis  of  the  1221 


gene  features  differentially  expressed  between  the  NHBE  cells 
and  tumorigenic  1170-1  lung  epithelial  cells  by  IPA®  revealed 
the  significant  (score;  -log  of  the  P  value)  modulation  of  func¬ 
tional  networks  related  to  DNA  recombination  and  repair,  cell 
cycle,  cell  death,  cellular  assembly  and  organization,  and  cell- 
to-cell  signaling  and  interaction  (Fig.  2A).  The  expression  of 
Minichromosome  maintenance  (MCM)  2  and  6,  Stratifin 
(SEN),  Flap  structure-specific  endonuclease  1  (FEN1),  Target¬ 
ing  protein  for  Xklp2  (TPX2),  and  UBE2C  is  depicted  in  a  rep¬ 
resentative  gene  network  in  the  1799,  1198,  and  1170-1  cells 
compared  with  NHBE  cells  (Fig.  2B).  The  expression  levels  of 
UBE2C,  TPX2,  MCM2,  MCM6,  as  well  as  FEN1  were  increased 
(indicated  by  the  red  color)  in  the  premalignant  and  tumori¬ 
genic  cells  relative  to  the  NHBE  cells,  whereas  the  expression 
level  of  SFN  was  decreased  (indicated  by  the  green  color). 

Integrative  genomics  analysis  of  the  association  of 
differentially  and  progressively  expressed  genes  within 
the  human  in  vitro  lung  carcinogenesis  model  with 
NSCLC  gene  expression  patterns  and  clinical  outcome 

To  explore  the  relevance  of  this  in  vitro  model  to  NSCLC, 
we  developed  a  gene  signature  composed  of  584  genes  based 
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on  a  differential  expression  of  at  least  2-fold  between  the 
1170-1  tumorigenic  and  the  NHBE  cells  and  with  a  statistical 
significance  of  P  value  of  <0.001  of  an  applied  univariate 
t  test  with  permutation,  as  well  as  displaying  progressive 
variation  across  all  cells  of  the  in  vitro  model.  The  expression 
of  these  genes  was  then  analyzed  in  361  adenocarcinomas 
from  the  study  by  Shedden  et  al.  (12)  as  described  in  the 
Supplementary  Materials  and  Methods  and  integrated  with 
their  expression  in  the  NHBE  and  1170-1  cells  to  create  a 
composite  gene  expression  data  set  depicted  in  Fig.  3A. 
Hierarchical  cluster  analysis  of  the  integrated  data  revealed 
that  the  361  patients  could  be  divided  into  two  groups  or 
clusters  comprising  either  the  NHBE  cells  (NHBE  cluster, 
highlighted  in  blue)  or  the  1170-1  tumorigenic  lung  cells 
(1170-1  cluster,  highlighted  in  red;  Fig.  3B).  In  addition, 
Kaplan-Meier  plots  and  log-rank  survival  statistics  showed 
that  the  lung  adenocarcinoma  patients  from  the  1170-1 
expression  cluster  displayed  significantly  poorer  overall  sur¬ 
vival  (P  =  0.0009)  and  progression-free  survival  (P  =  0.03)  than 
patients  from  the  NHBE  expression  subgroup  (Fig.  3C).  These 
findings  show  that  the  gene  expression  patterns  of  cells  of  the 
human  in  vitro  lung  carcinogenesis  model  used  in  this  study 
are  highly  evident  in  NSCLC  clinical  samples  and  associated 
with  lung  adenocarcinoma  prognosis. 

Analysis  of  the  prognostic  potential  of  the  six  selected 

genes  in  lung  adenocarcinoma  patients 

The  functional  pathways  analysis  of  the  transcriptome  of 
the  human  in  vitro  lung  carcinogenesis  model  enabled  us  to 
select  six  differentially  expressed  genes  prominent  in  high 
gene  interactions  ( UBE2C ,  MCM2,  MCM6,  TPX2,  FEN1, 
and  SFN).  We  next  assessed  the  expression  of  these  genes 
in  published  microarray  data  sets  of  lung  adenocarcinoma 
cohorts.  Hierarchical  cluster  analysis  revealed  that  lung  ad¬ 
enocarcinoma  patients  in  each  of  the  three  cohorts  (Shedden 
et  al.,  Bhattacharjee  et  al.,  and  Bild  et  al.;  refs.  12-14)  were 
each  divided  into  two  subgroups  or  clusters  based  on  the 
expression  of  the  selected  genes  alone  (Fig.  4 A,  B,  and  C). 
In  addition,  Kaplan-Meier  plots  and  log-rank  statistics 
showed  that  the  two  divided  lung  adenocarcinoma  patient 
clusters  of  the  analyzed  cohort  published  by  Shedden  et  al. 
(n  =  361;  ref.  12)  exhibited  significant  differences  in  overall 
survival  (P  =  0.004)  and  progression-free  survival  (P  =  0.04; 
Fig.  4A).  Consistently,  the  identified  clusters  in  each  of 
both  the  Bhattacharjee  et  al.  (13)  and  Bild  et  al.  (14)  lung 
adenocarcinoma  data  sets  exhibited  significant  differences 
in  overall  survival  (P  =  0.004  and  P  =  0.02,  respectively; 
Fig.  4B  and  C).  These  findings  show  that  the  human  in  vitro 
lung  carcinogenesis  model  is  powerful  for  generation 
of  gene  classifiers  associated  with  prognosis  of  lung 
adenocarcinoma. 

Differential  expression  of  UBE2C  mRNA  in  NSCLC 

compared  with  adjacent  normal  lung  tissues  as 

revealed  by  in  silico  and  quantitative  real-time  PCR 

analyses 

Using  Oncomine,  a  publicly  available  microarray  analysis 
tool  and  platform  (15),  we  found  that  the  mRNA  one  of  the 
six  selected  genes,  UBE2C ,  was  significantly  elevated  in  hu¬ 
man  lung  adenocarcinomas  relative  to  adjacent  normal  lung 
tissue  in  four  microarray  databases  and  cohorts  (all  P  <  0.05; 
Supplementary  Fig.  S1A).  Moreover,  in  silico  analysis  of  gene 


expression  data  from  the  Garber  et  al.  cohort  (16)  also  revealed 
the  significant  up-regulation  of  UBE2C  in  squamous  cell  carci¬ 
nomas  (SCC)  relative  to  adjacent  normal  lung  tissues  (P  < 
0.001;  Supplementary  Fig.  SI  A).  We  also  analyzed  the  mRNA 
levels  of  UBE2C  in  a  set  of  frozen  human  lung  adenocarcino¬ 
mas  tissues  (n  =  26)  and  adjacent  normal  lung  tissues  (n  =  24) 
and  found  that  they  were  significantly  higher  in  the  lung  ade¬ 
nocarcinomas  relative  to  adjacent  normal  lung  (P  <  0.001; 
Supplementary  Fig.  SIB). 

Analysis  of  UBE2C  protein  expression  by 
immunohistochemistry  in  normal,  preneoplastic,  and 
malignant  lung  tissue  specimens  and  assessment  of  its 
value  in  lung  cancer  prognosis 

We  analyzed  UBE2C  expression  at  the  protein  level  by  im¬ 
munohistochemistry  using  histologic  tissue  sections  that  in¬ 
cluded  normal  bronchial  epithelia,  preneoplastic  lesions, 
SCCs  ( n  =  98),  and  adenocarcinomas  (n  =  141).  UBE2C  protein 
was  localized  to  the  cell  nucleus  in  most  cases  and  its  nuclear 
expression  was  very  low  in  normal  bronchial  epithelia  but 
was  higher  in  preneoplastic  and  malignant  lung  lesions 
(Fig.  5 A  and  B).  In  addition,  UBE2C  expression  was  statistical¬ 
ly  significantly  different  in  SCCs  (n  =  98),  or  adenocarcinomas 
( n  =  141),  when  compared  with  normal  bronchial  epithelia 
(n  =  62;  *,  P  <  0.001)  or  hyperplasias  (n  =  61;  **,  P  <  0.001; 
Fig.  6A).  In  addition,  squamous  metaplasias  (n  =  15),  dyspla¬ 
sias  ( n  =  9),  and  carcinoma  in  situ  (n  =  26)  exhibited  signifi¬ 
cantly  higher  levels  of  nuclear  UBE2C  when  compared  with 
normal  bronchial  epithelia  (*,  P  <  0.001)  or  hyperplasias  (**, 
P  <  0.001).  Moreover,  nuclear  UBE2C  levels  were  statistically 
significantly  higher  in  hyperplasias  relative  to  the  levels  in 
normal  bronchial  epithelia  (P  <  0.001;  Fig.  6A). 

Our  analyses  also  showed  that  nuclear  UBE2C  protein  ex¬ 
pression  was  statistically  different  between  SCCs  and  lung 
adenocarcinomas  (P  <  0.001;  Fig.  6A).  We  also  analyzed  the 
correlation  of  nuclear  UBE2C  expression  with  clinicopatholog- 
ic  variables  examined  for  all  NSCFC  histologic  tissue  speci¬ 
mens.  There  were  no  statistically  significant  correlations 
between  nuclear  UBE2C  expression  and  age,  gender,  or  dis¬ 
ease  stage  in  all  NSCFC  tissues  or  when  adenocarcinomas 
or  SCCs  were  analyzed  alone  (data  not  shown).  However, 
nuclear  UBE2C  levels  were  significantly  higher  in  NSCFC  tis¬ 
sue  resected  from  smokers  (n  =  205)  relative  to  those  resected 
from  nonsmokers  ( n  =  34;  P  <  0.001;  Fig.  6B). 

We  next  assessed  the  clinical  relevance  of  nuclear  UBE2C 
expression  in  early-stage  lung  cancer.  Fog-rank  statistics  and 
Kaplan  Meier  plots  revealed  that  stage  I  NSCFC  patients 
with  positive  UBE2C  expression  (n  =  118)  exhibited  signifi¬ 
cantly  poorer  overall  survival  and  progression-free  survival 
than  patients  with  negative  nuclear  UBE2C  expression  (n  = 
53;  Fig.  6C  and  D).  Moreover,  multivariate  Cox  proportional 
hazard  regression  analyses  revealed  that  nuclear  UBE2C  ex¬ 
pression  was  an  independent  predictor  of  progression-free 
survival  (P  =  0.05)  but  not  overall  survival  (data  not  shown). 
These  results  show  the  potential  role  of  aberrant  nuclear 
UBE2C  expression  in  early-stage  NSCFC  progression  and 
clinical  outcome. 

Discussion 

Fung  cancer  is  the  leading  cause  of  cancer  deaths  in  the 
United  States  with  the  overall  5-year  survival  rate  of  <15% 
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Top  categories 

No.  focus 
genes 

Score 

Genes  in  the  network  (modulated  in  1170-1  compared  to  NHBE) 

DNA  Replication, 
recombination,  Repair, 

Cell  Cycle,  Cellular 
assembly  and  organization 

35 

47 

4ANXA4*,  +AURKA*  tCCNA2,  +CCNB1,  tCCNB2,  ttDC2*  +CDC6+  +CDC7, 
tCDC20,  4CDC25B,  tCDC2SC,  tCDC45L,  tCDTl,  +CICS1B,  4CSTA,  4F0S,  +F0XM1, 
tGMNN,  tHMMR*  4-LAMP2+,  4LTBP2,  tMCM2,  tMCM3,  tMCM4*  tMCMS,  tMCMt, 
+MCM7*,  4MMP10,  +PTTG1,  +RBPI,tRUVBL2,  4SERPINB7,  +TGFBI,  tTPX2, 
tUBE2C 

Cancer,  Cell-To-Cell 
Signaling  and  Interaction, 
Cellular  Compromise 

35 

47 

tBUBI*  tBUBIB,  iCD44*f  tCENPE,  tCENPF,  tCSEIL*  4-CSPGZ*,  ±CT5B*  +DKK1, 
tEIF5A*f  ±F3,  tfBLINI*,  4FLNB,  +FL0TI*  ±FN1*  +GJB3*  ^ITGB6,  tKPNA2f 
tlCPNBl*,  IfLIBPI,  +NXF1,  tPLEKHEl,  4PTHLH+  +RAEI,  +RANBPI, 

+RCC1  (includes  EG:  1104),  ^StOOAiO,  +51Q0A11*  tTFPI,  4-TGMl,  ±THB51* 
+THY1*  4-TNC,  ±TXNIP\  tXPOI 

DNA  Replication, 
Recombination,  and 

Repair,  Cell  Death 

35 

47 

4APLP2*,  +AP0E,  *  APP,  +ATAD2, 4BDC,  +CCT2*  -HITS,  4CD59*,  4CDKN2A* 
tDHFR*  tDONSQN,  4  FABP5,  tFENI*  tGlP2,  4GIUL*  tHLA  C,  4IER3,  J-IFI16, 
♦IFITM2,  4ITM2B,  tKIAADlOl,  tMAPlB,  +MCL1*  tMEUC,  +MSH6,  +PCNA, 

RAB38,  tRFC4,  45100A7,  +5NCA,  +TCPI,  tTMEM97*  4TNFAIP3*  4TNFSF10*, 
tUCHLl 

Cell  cycle,  and  cellular 
assembly  organization 

26 

27 

+AURKB,  +BIRC5*  tBRRNI,  CDCA8.  +CENPA*,  tCNAPl,  DES.  tDNAJAl*  4FSCK1, 
tHCAP-DS.  tHCAP-G,  +HCAP+I2,  tF)SP90AAI,  tHSPAB*,  INCENP.  +KIF23,  tKIF4A, 
4LIMA1,  tLMNBl,  +LU2P5,  tNASP*,  tPRCl,  4PRNP,  PTGES3,  RACGAP1, 5MC2L1, 
+5MC4L1*  +S0D1,  tSTIPl*,  tTLNl,  +TOP2A*,  +TWIST1, 4UPP1,  tVIM,  4.1TWHAZ» 
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Fig.  3.  The  association  of  genes  differentially  expressed  in  the  in  vitro  model  of  lung  carcinogenesis  with  lung  adenocarcinoma  gene  expression  patterns  and 
prognosis.  A  and  B,  the  584  genes  were  selected  as  described  in  the  Supplementary  Materials  and  Methods.  The  genes  were  median  centered  independently  in  the 
lung  epithelial  cells  and  adenocarcinomas  (n  =  361)  before  integration,  further  filtered  to  include  those  with  modulation  in  expression  of  at  least  2-fold  in  at  least 
eight  observations  and  then  analyzed  by  hierarchical  cluster  analysis  with  average  linkage.  Data  are  represented  in  a  matrix  format  in  which  individual  columns 
represent  single  gene  features  and  rows  represent  experiments.  High  (red)  or  low  (green)  gene  expression  levels  are  indicated,  respectively,  as  indicated  by  the  log2 
transformed  scale  bar.  C,  Kaplan-Meier  plots  for  the  overall  survival  (OS)  and  progression-free  survival  (PFS)  of  lung  adenocarcinoma  patients  separated  according  to 
clustering  patterns  (blue,  NHBE  cluster;  red,  1 1 70-1  cluster).  The  number  of  analyzed  samples  of  each  cluster  in  both  plots  is  indicated  as  N  next  to  the  plotted  arms. 
P  values  were  obtained  by  the  log-rank  test. 


(1).  However,  the  survival  of  stage  I  or  early  stage  NSCLC  pa¬ 
tients  is  significantly  higher  than  that  of  patients  with  ad¬ 
vanced  lung  cancers  (2,  3).  Therefore,  a  considerable  effort 
has  been  mounted  over  the  last  few  years  to  apply  the  prog¬ 
ress  in  various  high  throughput  methods  for  the  identification 
of  potential  molecular  markers  for  diagnosis  and  prognosis  (2, 
17).  Most  of  these  studies  were  based  on  comparisons  of  gene 
expression  in  tumors  relative  to  normal  appearing  tissue  and 
almost  no  studies  addressed  changes  in  premalignant  tissue, 
most  likely  due  to  the  paucity  of  material  available  for  high 


throughput  analysis.  Previously,  several  in  vitro  approaches 
have  been  applied  to  address  the  shortage  of  premalignant  tis¬ 
sue.  For  example,  ectocervical  keratinocytes  and  mammary 
epithelial  cells  have  been  immortalized  using  human  papillo¬ 
mavirus  (18,  19),  and  normal  bronchial  epithelial  cells  were 
immortalized  using  telomerase  plus  CDK4  (20). 

NSCLC  develops  by  a  multistep  process  that  involves  the 
accumulation  of  many  genetic  aberrations  over  a  long  period 
of  time.  Interestingly,  most  of  these  genetic  changes  (such  as 
p53  loss  or  mutation  or  epidermal  growth  factor  receptor 


Fig.  2.  Gene  interaction  network  analysis  of  genes  differentially  expressed  in  the  human  in  vitro  lung  carcinogenesis  model.  A,  top  four  gene  networks  generated  from 
IPA  and  significantly  modulated  between  the  1170-1  tumorigenic  and  NHBE  cells.  Gene  symbols  (blue)  are  presented;  arrows,  variation  of  their  gene  expression 
in  the  1 1 70-1  tumorigenic  cells  relative  to  NHBE  cells.  The  network  score  was  calculated  by  the  inverse  log  of  the  P  value  and  indicates  the  likelihood  of  focus  genes  in 
a  network  being  found  together  than  due  to  chance.  The  number  of  focus  genes  (in  bold)  refers  to  the  genes  differentially  regulated  and  within  an  IPA  network 
composed  of  a  maximum  number  of  35  genes.  B,  functional  pathway  analysis  by  IPA  of  selected  genes  and  their  interaction  nodes  in  1799,  1198,  and  1170-1  cells 
relative  to  NHBE  cells.  The  selected  genes  (MCM2,  MCM6,  SFN,  TPX2,  UBE2C,  and  FEN1)  are  highlighted  by  a  blue  border.  Gene  expression  variation  by  at  least 
2-fold  is  depicted  by  color  (red,  up-regulated;  green,  down-regulated;  gray,  no  significant  change). 
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mutation  and  amplification)  occur  very  early  in  the  premalig- 
nant  stages  and  persist  during  the  carcinogenesis  process  (2). 
Our  study  was  aimed  to  gain  information  on  genetic  changes 
that  occur  at  different  early  stages  of  lung  carcinogenesis  and 
can  be  relevant  to  the  clinical  outcome  of  the  disease.  Towards 
this,  we  used  an  in  vitro  lung  carcinogenesis  cell  model  com¬ 
posed  of  normal,  immortalized,  transformed,  and  tumorigenic 
lung  epithelial  cells,  the  latter  two  developed  in  vivo  in  mice 
that  had  the  immortalized  BEAS-2B  transplanted  and  exposed 
to  cigarette  smoke  condensate  (9).  We  did  global  gene  expres¬ 
sion  analysis  on  the  transcriptome  of  these  cells  and  showed 
the  gradual  modulation  of  genes  and  their  associated  cancer- 
related  molecular  functions  and  gene  interaction  networks. 
Using  integrative  gene  expression  analysis  methodologies, 
we  showed  the  relevance  of  genes  differentially  expressed 
within  the  in  vitro  model  to  lung  adenocarcinoma  gene  expres¬ 
sion  patterns  and  clinical  outcome.  In  addition  and  specifical¬ 
ly,  we  showed  the  progressive  increase  in  UBE2C  protein 
expression  in  lung  lesions  and  lastly  unraveled  an  association 
between  its  expression  and  poor  NSCLC  prognosis. 


Functional  pathways  and  topological  gene  interaction  net¬ 
work  analyses  helped  us  select  genes  with  both  differential 
expression  as  well  as  predicted  deregulated  signaling  func¬ 
tion.  Our  six  gene  signature  includes  two  genes  (MCM2  and 
TPX2 )  that  had  been  previously  implicated  independently  in 
NSCLC  progression  and  prognosis  (21-23).  We  also  found 
that  the  FEN1  endonuclease  was  progressively  differentially 
expressed  in  the  premalignant  lung  cells.  Interestingly,  trans¬ 
genic  mice  harboring  mutant  FEN1  exhibit  substantial  pul¬ 
monary  hypoplasia  (24).  The  14-3-3  protein  family  member, 
SFN  (14-3-3  a),  was  also  found  in  our  analyses  to  be  differ¬ 
entially  expressed  in  the  premalignant  lung  cells.  It  is  wor¬ 
thy  to  note  that  CpG  hypermethylation  of  SFN  promoter 
has  been  implicated  in  many  cancers  including  bladder, 
breast,  lymphoid,  and  lung  tumors  (25-28).  Our  findings 
suggest  that  epigenetic  silencing  of  SFN  may  occur  very  ear¬ 
ly  in  lung  cancer  development. 

Previous  gene  expression  profiling  of  cultured  cells  have  led 
to  the  discovery  of  individual  genes  or  a  group  of  genes  for  the 
study  of  distinct  breast  cancer  subclasses  (29),  and  predicting 


Bhattacharjee  etal.  (N=125) 
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Fig.  4.  An  identified  six  gene  classifier  associated  with  lung  adenocarcinoma  prognosis.  Hierarchical  cluster  analysis  with  average  linkage  of  the  expression  of 
UBE2C,  MCM2,  MCM6,  TPX2,  FEN-1,  and  SFN  in  three  published  lung  adenocarcinoma  cohorts  by  Shedden  et  al.  (A),  Bhattacharjee  et  al.  (B),  and  Bild  et  al. 

(C).  Data  are  represented  in  matrix  formats  in  which  individual  rows  represent  single  gene  features  and  columns  represent  experiments.  High  or  low  gene  expression 
levels  are  indicated  by  red  or  green  color,  respectively  as  indicated  by  the  log2  transformed  scale  bars.  Overall  and  progression-free  survival  (OS  and  PFS) 
differences  in  the  identified  adenocarcinoma  patient  clusters  were  assessed  by  the  Kaplan-Meier  method  of  survival  probability  and  P-values  were  obtained  by 
the  log-rank  test. 
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Fig.  5.  Immunohistochemical  analysis  of  UBE2C  protein  expression  in  normal  bronchial  epithelial,  preneoplastic  lung  lesions,  and  NSCLC  tissue  samples. 

A,  representative  photomicrographs  displaying  the  immunohistochemical  expression  of  UBE2C  in  histologic  tissue  sections  of  normal  bronchial  epithelia  (normal), 
and  preneoplastic  lung  lesions  (hyp,  hyperplasia;  sqM,  squamous  metaplasia;  dys,  dysplasia;  CIS,  carcinoma  in  situ).  B,  representative  photomicrographs  of 
UBE2C  expression  in  lung  SCC  and  adenocarcinoma. 


survival  of  cancer  patients,  namely  ovarian  and  breast  cancers 
(17,  30).  For  example,  a  series  of  human  mammary  epithelial 
cells  expressing  different  transfected  and  activated  oncogenes 
were  used  to  develop  gene  pathway  signatures  that  distin¬ 
guished  between  human  cancer  subtypes  based  on  distinct  on¬ 
cogenic  pathways  and  predicted  clinical  outcome  in  several 
cancer  patient  subsets  (14).  Interestingly,  our  list  of  584  differ¬ 
entially  expressed  genes  included  112  genes  that  were  present 
in  two  gene  classifier  lists  capable  of  predicting  clinical  out¬ 
come  without  the  incorporation  of  clinical  covariables  and 
compiled  in  the  multiblinded  microarray  validation  study  by 
Shedden  et  al.  (12),  which  provides  the  largest  available  set  of 
microarray  data  with  extensive  pathologic  and  clinical  anno¬ 
tation  for  lung  adenocarcinomas  (supporting  material).  Our 
findings  show  that  by  analyzing  the  transcriptomes  of  normal, 
premalignant,  and  tumorigenic  lung  epithelial  cells  in  culture, 
we  were  able  to  highlight  genes  prominent  in  NSCLC  clinical 
samples  and  capable  of  predicting  clinical  outcome.  Interest¬ 
ingly,  six  of  these  genes,  selected  after  IPA®  analysis,  were  also 
associated  with  lung  adenocarcinomas  of  poor  prognosis, 
which  was  reproducible  in  more  independent  cohorts  than 
the  total  584  genes.  It  is  worthwhile  to  note  that  our  study  also 
incorporates  one  of  the  largest  in  silico  validations  of  the  prog¬ 
nostic  potential  of  an  identified  gene  expression  signature. 


It  is  worthy  to  note  that  both  the  584-gene  and  the  6-gene 
signatures  were  specific  for  adenocarcinoma  because,  when 
analyzed  in  data  sets  of  lung  SCCs,  they  were  not  significantly 
associated  with  poor  prognosis.  The  specificity  of  the  signa¬ 
tures  for  adenocarcinomas  may  reflect  the  distinct  molecular 
and  biological  profiles  of  lung  adenocarcinomas  and  SCCs 
(2).  Although  restricted  to  adenocarcinomas,  these  findings 
are  of  value  as  there  has  been  a  major  global  trend  with  a 
sharp  increase  in  adenocarcinoma  and  a  decrease  in  SCC 
(31,  32).  In  addition  and  in  the  past  five  decades,  adenocarci¬ 
noma  has  become  the  predominant  type  of  lung  cancer  cell  in 
smokers  (33).  The  selective  association  of  the  signatures  with 
adenocarcinoma  survival  seemed  to  be  unexpected  given  that 
the  in  vitro  cell  system  was  derived  from  bronchial  epithelial 
cells  that  are  considered  to  harbor  precursors  of  SCC.  Howev¬ 
er,  if  one  considers  the  finding  of  Klein-Szanto  et  al.  (9)  that  the 
1170-1  lung  tumorigenic  cells  derived  from  the  bronchial 
BEAS-2B  cells  formed  invasive  lung  adenocarcinomas  rather 
than  SCCs  in  xenotransplanted  mice,  then  the  specificity  for 
adenocarcinoma  survival  is  not  counterintuitive. 

To  our  knowledge,  this  is  the  first  demonstration  of  the  po¬ 
tential  in  predicting  NSCLC  prognosis  of  an  in  vitro  system 
emulating  the  various  lung  carcinogenesis  phases.  The  immor¬ 
talization  of  the  human  bronchial  epithelial  cells  that  served  as 
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the  basis  for  this  model  was  accomplished  by  infection  with  an 
adenovirus  12-SV40  hybrid  vims  (34).  The  molecular  basis  for 
the  immortalization  is  most  likely  due  to  the  inactivation  of 
p53  and  retinoblastoma  tumor  suppressor  genes  by  the  SV40 
large  tumor  antigen  (35).  These  molecular  abnormalities  led  to 
changes  in  gene  expression  that  seem  to  be  shared  by  many 
NSCLC  tumors  because  concurrent  abnormalities  in  both 
p53  and  retinoblastoma  pathways  have  been  identified  in  be¬ 
tween  28%  (36)  and  37%  (37)  of  NSCLC  and  the  majority  of 
the  rest  had  an  abnormality  in  at  least  one  of  the  two  path¬ 
ways.  It  is  also  noteworthy  that  a  previously  identified  SV40 
T/t- Antigen  cancer  gene  signature,  developed  and  integrated 
from  mouse  models,  was  highly  evident  in  the  gene  expres¬ 
sion  patterns  of  clinical  samples  of  human  breast,  prostate, 
and  lung  cancers  and  was  significantly  associated  with  poor 
prognosis  in  these  tumors  (38).  Moreover,  we  have  previously 
validated  aberrant  gene  expression  within  the  vitro  system  we 
used  at  the  mRNA  level  in  11  established  NSCLC  cell  lines 
and  at  the  protein  level  in  clinical  NSCLC  samples  (39,  40). 


In  this  much  more  comprehensive  study  using  more  advanced 
technology,  we  further  established  that  this  particular  cell  sys¬ 
tem  provides  a  powerful  tool  to  predict  outcomes  of  NSCLC 
cancers  and  aids  in  the  exploration  of  the  molecular  mechan¬ 
isms  of  lung  carcinogenesis  that  could  be  translated  into  both 
chemoprevention  and  treatment  of  lung  cancer. 

Our  network  analysis  showed  that  the  E2  ubiquitin-conju- 
gating  enzyme,  UBE2C,  was  part  of  the  most  significantly 
activated  gene  interaction  network.  UBE2C  up-regulation 
and  marked  nuclear  expression  is  associated  with  esophage¬ 
al  adenocarcinoma  progression  (41).  More  recently,  UBE2C 
was  shown  to  be  crucial  for  activation  of  the  anaphase 
promoting  complex  for  subsequent  ubiquitination  and  deac¬ 
tivation  of  spindle  checkpoint  substrates  (42,  43).  Despite 
intriguing  observations  that  UBE2C  mRNA  levels  were 
higher  in  a  variety  of  primary  tumors  compared  with 
corresponding  normal  tissues  (44),  its  expression  in  prema- 
lignant  stages  nor  its  potential  as  a  prognostic  marker  for 
lung  cancer  has  been  investigated.  We  have  shown  that 
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Fig.  6.  Association  of  UBE2C  expression  with  NSCLC  progression  and  clinical  outcome.  A,  box-plot  depicting  statistical  analysis  by  the  Wilcoxon-rank  test  of 
nuclear  UBE2C  score  in  normal  bronchial  epithelia  ( white  box),  preneoplastic  lesions  {light  gray  boxes),  as  well  as  lung  SCC  and  adenocarcinoma  {dark  gray  boxes). 
P  values  representing  significance  of  pair-wise  comparison  between  different  lung  lesions  when  compared  with  normal  bronchial  epithelia  (*)  or  hyperplasias  (**)  are 
marked,  respectively.  Significance  of  other  pair-wise  comparisons  is  also  indicated  on  the  figure  (A/S,  not  significant).  B,  box-plot  representing  pair-wise  comparison 
between  NSCLC  nonsmokers  (no)  and  smokers  (yes)  for  nuclear  UBE2C  score.  Kaplan-Meier  plots  for  the  overall  survival  (OS;  C)  and  progression-free  survival 
(PFS;  D)  of  stage  I  NSCLC  patients  stratified  according  to  positive  (n  =  118)  or  negative  (n  =  53)  nuclear  UBE2C  immunoreactivity.  P  values  were  obtained  by  the 
log-rank  test. 
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UBE2C  protein  expression  is  up-regulated  in  preneoplastic 
lung  lesions  and  NSCLC  samples,  its  expression  was  signif¬ 
icantly  associated  with  smoking  status  and  that  stage  I 
NSCLC  patients  who  expressed  nuclear  UBE2C  exhibited 
significantly  poorer  survival  than  patients  who  did  not  ex¬ 
press  it.  It  is  possible  that  NSCLC  patients  with  higher 
UBE2C  expression  are  more  resistant  to  Taxol-based  che¬ 
motherapies  because  cells  overexpressing  UBE2C  exhibit 
compromised  mitotic  arrest  induced  by  the  microtubule  dis¬ 
rupting  and  spindle  checkpoint  activating  Taxol  (42). 


In  conclusion,  our  study  using  the  human  in  vitro  lung 
carcinogenesis  model  identified  novel  gene  signatures  that 
are  effective  in  the  prognostic  evaluation  of  lung  cancers. 
Moreover,  we  unravel  a  potential  novel  role  for  UBE2C 
expression  in  NSCLC  pathogenesis  and  prognosis. 
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Abstract 

Non-small  cell  lung  cancer  is  the  primary  cause  of  cancer-related  death  in  Western  countries.  One 
important  approach  taken  to  address  this  problem  is  the  development  of  effective  chemoprevention 
strategies.  In  this  study,  we  examined  whether  the  cyclooxygenase-2  inhibitor  celecoxib,  as  evidenced 
by  decreased  cell  proliferation,  is  biologically  active  in  the  bronchial  epithelium  of  current  and  former 
smokers.  Current  or  former  smokers  with  at  least  a  20  pack-year  (pack-year  =  number  of  packs  of  ciga¬ 
rettes  per  day  times  number  of  years  smoked)  smoking  history  were  randomized  into  one  of  four 
treatment  arms  (3-month  intervals  of  celecoxib  then  placebo,  celecoxib  then  celecoxib,  placebo  then 
celecoxib,  or  placebo  then  placebo)  and  underwent  bronchoscopies  with  biopsies  at  baseline,  3  months, 
and  6  months.  The  204  patients  were  primarily  (79.4%)  current  smokers:  81  received  either  low-dose 
celecoxib  or  placebo  and  123  received  either  high-dose  celecoxib  or  placebo.  Celecoxib  was  originally 
administered  orally  at  200  mg  twice  daily  and  the  protocol  subsequently  increased  the  dose  to  400  mg 
twice  daily.  The  primary  end  point  was  change  in  Ki-67  labeling  (from  baseline  to  3  months)  in  bron¬ 
chial  epithelium.  No  cardiac  toxicities  were  observed  in  the  participants.  Although  the  effect  of  low- 
dose  treatment  was  not  significant,  high-dose  celecoxib  decreased  Ki-67  labeling  by  3.85%  in  former 
smokers  and  by  1.10%  in  current  smokers — a  significantly  greater  reduction  (P  =  0.02)  than  that  seen 
with  placebo  after  adjusting  for  metaplasia  and  smoking  status.  A  3-  to  6-month  celecoxib  regimen  proved 
safe  to  administer.  Celecoxib  (400  mg  twice  daily)  was  biologically  active  in  the  bronchial  epithelium  of 
current  and  former  smokers;  additional  studies  on  the  efficacy  of  celecoxib  in  non-small  cell  lung  cancer 
chemoprevention  may  be  warranted.  Cancer  Prev  Res;  3(2);  148-59.  ©2010  AACR. 


Introduction 

Non-small  cell  lung  cancer  (NSCLC)  is  the  leading 
cause  of  death  from  cancer  among  both  men  and  women 
in  the  United  States,  accounting  for  ~28%  of  such  deaths. 
Indeed,  an  estimated  160,000  Americans  died  of  NSCLC 
in  2007.  In  recent  years,  the  incidence  of  NSCLC  has  be¬ 
gun  to  decline  among  men  (1).  However,  smoking-related 
NSCLC  has  continued  to  increase  among  women,  surpass¬ 
ing  even  breast  cancer  as  the  leading  cause  of  cancer  death 
in  this  group  (2).  Despite  aggressive  treatment  strategies, 
the  5-year  survival  rate  for  NSCLC  remains  only  ~15% 
(1).  These  grim  facts  underscore  the  urgent  need  for  a 
change  in  our  approach  to  NSCLC. 
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Smoking  prevention  and  cessation  have  been  empha¬ 
sized  as  ways  to  reduce  deaths  from  cancer.  Despite  the 
reduction  in  NSCLC  risk  observed  with  smoking  cessation, 
however,  several  studies  have  shown  that  former  smokers 
still  have  a  higher  NSCLC  risk  than  nonsmokers  have  (3- 
7)  and  consequently  account  for  a  large  proportion  of 
NSCLC  patients  in  this  country.  Chemoprevention  strate¬ 
gies,  especially  for  high-risk  populations  such  as  former 
smokers,  are  appropriate  in  NSCLC.  However,  large-scale 
NSCLC  chemoprevention  trials,  including  the  Alpha- 
Tocopherol  Beta-Carotene  trial,  Beta-Carotene  and  Retinol 
Efficacy  Trial,  and  Lung  Intergroup  Trial,  have  yet  to  show 
that  any  agent  can  reduce  lung  cancer  risk  (8-11). 

One  of  the  changes  identified  in  premalignant  bronchial 
tissues  that  has  potential  therapeutic  significance  is  an  in¬ 
crease  in  expression  of  cyclooxygenase-2  (COX-2).  COX-2 
converts  arachidonic  acid  to  prostaglandin  H2/  a  precursor 
of  prostaglandin  E2  that  has  been  implicated  in  a  variety  of 
biochemical  processes,  required  for  cell  proliferation  and 
survival,  and  whose  expression  increases  in  response  to 
growth  factors,  oncogenes,  and  carcinogens  (12-18). 
COX-2  has  been  extensively  studied  in  epithelial  tumors, 
including  colorectal  cancer  and  NSCLC  (19-22).  COX-2 
overexpression  has  prognostic  value,  predicting  a  worse 
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outcome  in  NSCLC  patients  with  stage  I  disease  whose  tu¬ 
mors  have  been  surgically  resected  (23,  24)  and  thus  sug¬ 
gesting  that  COX-2  is  an  important  biological  determinant 
in  NSCLC.  Tellingly,  COX-2  expression  is  higher  in  bron¬ 
chial  premalignant  lesions  than  in  adjacent  normal  lung 
tissue  (22,  25),  raising  the  possibility  that  COX-2  pro¬ 
motes  malignant  progression  in  the  lung.  Moreover, 
COX-2  inhibitors  have  shown  efficacy  as  NSCLC  chemo- 
preventive  agents  in  preclinical  studies,  reducing  the  size 
and  number  of  carcinogen-induced  NSCLC  tumors  in 
mice  (26).  These  findings  provide  a  compelling  rationale 
to  investigate  the  activity  of  COX-2  inhibitors  as  chemo- 
preventive  agents  for  lung  cancer. 

In  this  study,  our  goal  was  to  determine  whether  a  6- 
month  treatment  with  celecoxib,  a  COX-2  inhibitor,  would 
be  safe  and  have  biological  activity  in  the  lungs  of  current  and 
former  smokers.  We  did  a  randomized,  placebo-controlled 
study  to  examine  the  toxicity  and  efficacy  of  celecoxib; 
bronchial  epithelial  cell  proliferation,  as  measured  by 
the  Ki-67  labeling  index  after  3  months,  was  the  primary 
end  point.  We  chose  this  primary  end  point  on  the  basis 
of  evidence  that  bronchial  premalignant  lesions  increase 
epithelial  cellular  proliferation  and  that  COX-2  promotes 
cellular  proliferation  and  survival  (27-29). 

Materials  and  Methods 

For  the  present  study,  we  recruited  current  smokers 
(those  actively  smoking  or  those  who  had  quit  within 
the  previous  12  mo)  and  former  smokers  (those  who 
had  quit  at  least  12  mo  before  study  entry)  who  had  at 
least  a  20  pack-year  history  of  smoking  (pack-year  =  num¬ 
ber  of  packs  of  cigarettes  per  day  times  number  of  years 
smoked).  Patients  could  have  had  prior  stage  I  NSCLC 
or  stage  I  or  II  laryngeal  cancer  but  had  to  have  been  free 
of  disease  for  at  least  6  mo  before  study  entry.  Other  ex¬ 
clusion  criteria  included  the  chronic  use  of  steroids,  the 
use  of  H2  blockers  for  active  ulcers,  the  use  of  nonsteroidal 
anti-inflammatory  drugs  other  than  low-dose  aspirin  of 
<81  mg/d,  and  a  history  of  stroke,  uncontrolled  hyperten¬ 
sion,  and/or  angina  pectoris.  Patients  were  recruited 
through  local  community  groups,  health  fairs,  and  adver¬ 
tisements  distributed  to  referring  practitioners  and  pa¬ 
tients  at  The  University  of  Texas  M.D.  Anderson  Cancer 
Center.  The  study  was  approved  by  the  Institutional 
Review  Board  and  by  the  U.S.  Department  of  Health  and 
Human  Services.  All  patients  provided  written  informed 
consent  before  entering  the  study. 

Trial  design  and  treatment 

The  clinical  study  design  was  a  four-arm,  double-blind, 
placebo-controlled,  randomized  study  to  evaluate  the  bio¬ 
logical  effects  of  celecoxib  as  a  chemopreventive  agent  in 
current  and  former  smokers.  The  primary  end  point  was 
modulation  of  Ki-67  in  the  bronchial  epithelium  after  a 
3 -mo  period  of  treatment.  Patients  were  treated  for  up  to 
6  mo  and  were  randomized  onto  one  of  four  treatment 
arms:  celecoxib  daily  for  3  mo,  then  placebo  daily  for  3 


mo  (CCX  +  PCB);  celecoxib  daily  for  3  mo,  then  celecoxib 
daily  for  3  mo  (CCX  +  CCX);  placebo  daily  for  3  mo,  then 
celecoxib  daily  for  3  mo  (PCB  +  CCX);  and  placebo  daily 
for  3  mo,  then  placebo  daily  for  3  mo  (PCB  +  PCB).  The 
research  pharmacy  randomly  assigned  each  patient  to  one 
of  the  four  treatment  arms  and  recorded  this  assignment 
by  using  a  computer-generated  treatment  code  that  was 
available  only  to  the  pharmacist.  Pfizer  Corp.  provided 
the  200-mg  celecoxib  capsules  and  the  matching  placebo 
capsules. 

After  a  bronchoscopy  at  3  mo,  patients  received  treat¬ 
ment  for  an  additional  3  mo.  A  bronchoscopy  was  then 
done  at  the  6-mo  time  point. 

On  completing  informed  consent  and  enrollment,  pa¬ 
tients  were  screened  with  a  chest  X-ray  and  bronchoscopy, 
which  included  bronchial  washings,  brushings,  and  biop¬ 
sies  from  six  predetermined  sites  (carina,  right  lower,  mid¬ 
dle,  and  upper  lobes  and  left  lower  and  upper  lobe 
regions)  as  well  as  from  any  abnormal  sites  suspicious 
for  cancer.  Metaplasia  indices  (MI)  were  calculated  from 
the  biopsies  done  at  the  predetermined  sites.  The  presence 
of  dysplasia  was  confirmed  by  histologic  evaluation  of  all 
biopsy  samples.  Patients  with  severe  dysplasia  at  initial  or 
subsequent  bronchoscopy  were  strongly  encouraged  to 
undergo  additional  bronchoscopies  at  6  mo. 

Patients  were  stratified  for  randomization  according  to 
smoking  history  (current  versus  former),  prior  cancer  (pri¬ 
or  versus  no  prior),  and  MI  (<15%  versus  >15%  and/or 
dysplasia).  Toxicity  was  monitored  using  the  National 
Cancer  Institute  Common  Toxicity  Criteria  2.0,  and  pa¬ 
tients  who  experienced  grade  2  or  higher  toxicity  had  their 
dose  reduced.  Clinic  visits  occurred  before  treatment  and 
during  treatment  at  1-mo  intervals.  A  complete  physical 
examination,  which  included  asking  about  the  patient's 
relevant  medical  history  and  history  of  tobacco  and  alco¬ 
hol  exposure,  was  done  at  each  clinic  visit.  Patients  were 
referred  to  smoking  cessation  programs  on  request. 

Celecoxib  dose 

In  the  original  study  design,  celecoxib  was  to  be  admin¬ 
istered  at  200  mg  twice  daily.  At  a  scheduled  External  Ad¬ 
visory  Board  meeting,  the  committee  raised  the  concern 
that  in  a  recently  completed  colon  polyp  prevention  study 
(20),  a  100-mg  dose  of  celecoxib  did  not  differ  from  pla¬ 
cebo  in  terms  of  polyp  reduction.  On  the  basis  of  this  up¬ 
dated  data,  the  External  Advisory  Board  recommended  a 
higher  dose  of  celecoxib  (400  mg).  Therefore,  the  starting 
dose  level,  effective  December  2003  (after  81  patients  had 
been  enrolled  at  the  low-dose  celecoxib  level),  was  set  at 
400  mg  for  new  patients  randomized  to  receive  celecoxib. 
The  first  subject  was  randomized  using  the  new  schedule 
on  January  23,  2004. 

On  December  17,  2004,  reports  of  cardiovascular  toxic¬ 
ity  in  other  COX-2  inhibitor  trials  were  released  (30-35). 
At  that  point,  a  total  of  150  patients  had  been  registered 
on  the  current  study  and  143  had  been  randomized  to 
treatment.  New  subject  entry  and  celecoxib  treatment  were 
put  on  hold  by  the  principal  investigator  of  the  study  and 
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The  M.D.  Anderson  Cancer  Center  Institutional  Review 
Board.  During  the  subsequent  months,  efforts  were  made 
to  follow-up  with  participants,  audit  clinical  data  and  the 
laboratory  specimen  inventories,  modify  the  eligibility  cri¬ 
teria  to  exclude  patients  with  preexisting  cardiovascular 
conditions,  and  include  additional  procedures  to  screen 
and  monitor  for  cardiovascular  toxicities.  The  protocol 
was  amended  to  address  cardiovascular  safety  issues  to  en¬ 
sure  the  safety  of  study  patients.  The  M.D.  Anderson  Insti¬ 
tutional  Review  Board  approved  the  amended  protocol, 
the  study  was  reactivated  in  April  2005,  and  we  began  reg¬ 
istering  new  patients;  seven  of  the  patients  whose  treat¬ 
ment  was  put  on  hold  reentered  the  trial.  We  stopped 
patient  accmal  for  this  trial  as  of  fanuary  2007. 

Biopsy  specimens 

Per  the  protocol,  patients  underwent  bronchoscopies  at 
the  time  of  enrollment  before  randomization.  All  evalu¬ 
able  study  patients  then  had  repeat  bronchoscopies  with 
biopsies,  brushings,  and  washes  at  the  completion  of  the 
first  stage  of  treatment  (3  mo)  and  again  at  6  mo.  Biopsy, 
brushing,  and  wash  samples  were  obtained  from  the  same 
predetermined  sites  sampled  in  the  initial  bronchoscopy. 
As  noted,  these  biopsy  specimens  were  taken  at  six  prede¬ 
termined  sites  in  the  bronchial  tree:  the  main  carina,  the 
bifurcation  of  the  right  upper  lobe  and  the  main  stem 
bronchus,  the  bifurcation  of  the  right  middle  lobe  and 
right  lower  lobe,  the  bifurcation  of  the  left  upper  lobe 
and  lingula,  the  medial  bronchus  of  the  right  lower  lobe, 
and  the  anterior  bronchus  of  the  left  lower  lobe.  We  fixed 
the  biopsy  specimens  in  10%  buffered  formalin,  embed¬ 
ded  them  in  paraffin,  and  sectioned  them.  The  first  two 
4-pm  tissue  sections  from  each  biopsy  site  were  stained 
with  H&E  and  evaluated  for  the  presence  of  squamous 
metaplasia  and  dysplasia.  We  did  histologic  assessments 
to  determine  whether  the  MI  had  changed  during  the  3- 
mo  period.  The  MI  was  calculated  as  the  percentage  of 
biopsy  sections  exhibiting  squamous  metaplasia  out  of 
the  total  number  of  sections  examined.  A  single  patholo¬ 
gist  (X.T.)  who  was  blinded  to  the  study  treatment  served 
as  the  reference  pathologist. 

We  cytologically  analyzed  sputum  samples  acquired  by 
sputum  induction  from  all  patients  before  treatment  and 
after  3  and  6  mo  of  treatment.  Additionally,  we  did  buccal 
brushings  on  all  patients  before  treatment  and  after  3  and 
6  mo  of  treatment  to  look  for  evidence  of  tobacco-induced 
histologic  and  genetic  alterations. 

Immunohistochemical  analysis  of  Ki-67 

We  calculated  the  fraction  of  Ki-6 7-positive  cells  in  the 
bronchial  epithelium,  including  the  basal,  parabasal,  and 
superficial  layers  of  the  biopsy  specimens.  Ki-67  labeling 
indices  were  expressed  as  the  percentage  of  cells  with  pos¬ 
itive  nuclear  staining,  as  detailed  in  our  prior  reports  (27, 
28).  Slides  that  lacked  evaluable  epithelium  were  excluded 
from  the  analyses.  Ki-67  labeling  indices  were  analyzed  on 
a  per-biopsy-site  basis  and  on  a  per-subject  basis  (the 


average  of  all  biopsy  sites  that  could  be  evaluated  from  a 
participant  at  a  particular  time  point). 

The  immunohistochemical  analysis  was  done  as  fol¬ 
lows:  one  4-pm  tissue  section  was  deparaffinized  in  xylene 
and  rehydrated  through  a  series  of  alcohols.  Peroxide 
blocking  was  done  by  immersing  the  section  in  3%  hydro¬ 
gen  peroxide  in  methanol  for  15  min.  Antigen  retrieval 
was  accomplished  by  placing  slides  in  a  steamer  for  10 
min  with  10  mmol/L  sodium  citrate  (pH  6.0)  and  washing 
them  in  Tris  buffer.  The  slides  were  then  blocked  in  10% 
fetal  bovine  serum  for  35  min.  The  Ki-67  antibody  used 
was  MIB-1  (DAKO),  and  incubation  occurred  at  room 
temperature  at  1:200  dilution  for  65  min.  Secondary  anti¬ 
body  was  provided  and  detection  was  done  using  the  En¬ 
vision  Link+  kit  (DAKO)  for  30  min.  Diaminobenzidine 
chromogen  was  applied  for  5  min.  The  slides  were  then 
counterstained  with  hematoxylin  and  topped  with  a  cov- 
erslip.  We  used  NSCLC  cell  line  pallet  sections  that  had 
been  formalin  fixed  and  paraffin  embedded  and  that 
evidenced  confirmed  antigen  expressions  as  the  control 
cell  lines. 


Statistical  design  and  analysis 

This  study  was  designed  as  a  randomized,  double- 
blinded,  placebo-controlled  trial  to  evaluate  the  efficacy 
and  toxicity  of  celecoxib  as  a  chemopreventive  agent  in 
current  and  former  smokers.  The  planned  duration  of 
treatment  was  a  total  of  6  mo.  The  primary  end  point  of 
the  study  was  modulation  of  Ki-67,  measured  after  a  3 -mo 
treatment  intervention.  The  secondary  end  point  of  the 
study  was  the  change  in  Ki-67  labeling  at  6  mo.  The  strat¬ 
ified  Z  test  was  applied  for  comparing  the  reduction  of 
Ki-67  from  baseline  to  3  mo  between  the  treatment  and 
placebo  groups.  The  target  number  of  randomized  and 
evaluable  patients  was  182,  which  would  require  a  total 
of  216  randomized  patients,  allowing  for  a  15%  dropout 
rate.  The  study  design  had  at  least  80%  power  to  detect  a 
1.2%  difference  in  the  reduction  of  Ki-67  between  the 
COX-2  inhibitor  and  placebo,  with  a  two-sided  5%  level 
of  significance. 

Summary  statistics,  including  frequency,  tabulation, 
mean  (and  SD),  and  median  (and  range),  were  used  to 
characterize  the  distribution  of  Ki-67  labeling  indices  in 
the  basal  layer,  parabasal  layer,  and  all  layers.  The  mean 
Ki-67  index  across  all  six  potential  biopsy  sites  was  com¬ 
puted  with  the  patient  used  as  the  analysis  unit.  The 
Wilcoxon  rank  sum  test  was  used  to  compare  continuous 
variables  between  two  groups.  The  Kruskal-Wallis  test  was 
used  to  compare  continuous  variables  among  three 
groups.  The  x2  test  or  the  Fisher's  exact  test  was  used  to 
test  the  statistical  significance  of  the  association  between 
two  categorical  variables.  The  Wilcoxon  signed-rank  test 
was  used  to  test  changes  in  Ki-67  labeling  indices  by  pa¬ 
tient  before  and  after  treatment  within  each  treatment 
group.  To  increase  the  efficiency  of  the  statistical  analysis, 
we  also  used  the  biopsy  site  as  a  unit  of  analysis  under  the 
assumption  that  the  site  was  nested  within  the  patient. 
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For  these  analyses,  we  used  a  mixed-effect  model  to  test 
the  effect  of  treatment  with  celecoxib  against  placebo  on 
Ki-67  labeling  indices,  adjusting  for  covariates  that  affect 
Ki-67  levels,  such  as  number  of  years  since  smoking  cessa¬ 
tion  (in  categories),  squamous  metaplasia  (presence  or  ab¬ 
sence),  treatment  arm,  and  time  point  (0  or  3  mo).  When 
the  mixed-effect  model  was  used,  a  logarithmic  transfor¬ 
mation  was  applied  to  Ki-67  labeling  indices  to  satisfy 
the  Gaussian  distribution  assumption.  All  statistical  tests 
were  two-sided,  with  a  5%  type  I  error  rate.  Statistical  anal¬ 
ysis  was  done  using  standard  statistical  software,  including 
SAS  release  9.1  (SAS  Institute)  and  S-Plus  version  7  (In¬ 
sightful,  Inc.). 

Results 

Patient  characteristics 

From  November  2001  to  September  2006,  a  total  of 
212  patients  registered  onto  the  study,  with  204  patients 
randomized  to  treatment  with  either  agent  or  placebo. 
Eight  patients  were  not  randomized  to  treatment  arms: 
two  patients  because  they  declined  bronchoscopies,  two 
patients  because  they  had  concurrent  medical  conditions, 


and  four  patients  because  of  the  temporary  protocol  sus¬ 
pension  on  December  17,  2004. 

Of  the  204  patients  randomized  to  study  sections,  127 
patients  (61  receiving  low-dose  celecoxib  and  66  receiving 
high-dose  celecoxib)  received  baseline  and  3-month 
bronchoscopies  and  thus  had  data  evaluable  for  the 
primary  end  point  analysis  (Fig.  1).  There  were  104 
patients  who  received  all  three  (the  baseline,  3 -month, 
and  6-month)  bronchoscopies.  The  characteristics  of  the 
patients  who  were  randomized  to  study  sections  are  listed 
in  Table  1.  Although  the  treatment  groups  generally  had 
similar  characteristics,  there  were  fewer  women  in  the  arm 
treated  with  PCB  +  CCX  (P  =  0.52),  no  Hispanic  patients  in 
the  CCX  +  PCB  arm  (P  =  0.06),  and  less  dysplasia  at  baseline 
in  the  CCX  +  PCB  and  PCB  +  CCX  arms  (P  =  0.10). 

More  patients  than  expected  dropped  out  of  the  study 
because  of  the  temporary  protocol  suspension,  which 
may  explain  why  the  accrual  goal  of  182  patients  with 
evaluable  data  was  not  reached.  Common  reasons  for 
study  dropout  in  the  low-dose  celecoxib  (200  mg)  group 
included  personal  reasons  (10  patients),  being  lost  to 
follow-up  (8  patients),  and  concurrent  medical  conditions 
(5  patients). 


Fig.  1.  CONSORT  flow  diagram  of  subject  accrual  into  the  trial.  Patients  were  randomized  to  receive  the  following  daily  for  3-mo  intervals:  placebo 
then  placebo  (PCB  +  PCB),  placebo  then  celecoxib  (PCB  +  CCX),  celecoxib  then  placebo  (CCX  +  PCB),  or  celecoxib  then  celecoxib  (CCX  +  CCX).  Number 
of  patients  (n)  who  completed  baseline  (B),  3-mo  (B+3),  and  6-mo  (B+6)  evaluations  are  listed.  Reasons  for  leaving  the  study  are  also  listed. 
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Table  1.  Characteristics  of  randomized  patients  by  treatment  arm 


Characteristic 

PCB  +  PCB 

PCB  +  CCX 

CCX  +  PCB 

CCX  +  CCX 

Total 

Total  patients  treated 

50 

51 

52 

51 

204 

Age  (y) 

Mean  ±  SD 

53.6  ±  7.9 

52.5  ±  9.0 

54.3  ±  8.4 

53.0  ±  9.5 

53.4  ±  8.7 

Median  (range) 

52.8  (39.6-70.4) 

52.4  (32.9-73.2) 

54.9  (39.9-73.6) 

52.4  (32.0-71.8) 

53.3  (32.0-73.6) 

Gender 

Female 

25  (50.0%) 

20  (39.2%) 

26  (50.0%) 

27  (52.9%) 

98  (48.0%) 

Male 

25  (50.0%) 

31  (60.8%) 

26  (50.0%) 

24  (47.1%) 

106  (52.0%) 

Race 

Black 

4  (8.9%) 

3  (5.9%) 

4  (7.7%) 

6  (1 1 .8%) 

17  (8.3%) 

Hispanic 

1  (2.0%) 

3  (5.9%) 

0 

5  (9.8%) 

9  (4.4%) 

White 

45  (90.0%) 

44  (86.3%) 

46  (88.5%) 

40  (78.4%) 

175  (85.8%) 

Other 

0 

1  (2.0%) 

2  (3.8%) 

0 

3  (1.5%) 

Cancer  history 

No 

46  (92.0%) 

45  (88.2%) 

43  (82.7%) 

48  (94.1%) 

182  (89.2%) 

Yes 

4  (8.0%) 

6  (1 1 .8%) 

9(17.3%) 

3  (5.9%) 

22  (10.8%) 

Smoking-related  cancer 

No 

49  (98.0%) 

49  (96.1%) 

51  (98.1%) 

51  (100%) 

200  (98.0%) 

Yes 

1  (2.0%) 

2  (3.9%) 

1  (1.9%) 

0 

4  (2.0%) 

Smoking  status 

Former  smokers 

8  (16.0%) 

13  (25.5%) 

11  (21.2%) 

10  (19.6%) 

42  (20.6%) 

Current  smokers  42  (84.0%) 

Pack-years,  mean  ±  SD  (range) 

38  (74.5%) 

41  (78.8%) 

41  (80.4%) 

162  (79.4%) 

Former  smokers 

46  ±  24.4 

39.8  ±  13.7 

39.8  ±  18.7 

43.6  ±  24.2 

41.9  ±  19.4 

(21.3-85.2) 

(20.6-61 .5) 

(20.4-73.9) 

(20.0-92.6) 

(19.9-92.6) 

Current  smokers 

44.0  ±  14.7 

38.4  ±  18.2 

47.2  ±  17.7 

45.0  ±  22.3 

43.8  ±  18.5 

(19.7-81.5) 

(20.8-85.6) 

(20.0-87.9) 

(21.3-132.8) 

(19.7-132.8) 

Smoking  quit-years, 

9.5  ±  7.2 

7.2  ±  10.0 

9.9  ±  9.6 

9.0  ±  7.9 

8.8  ±  8.7 

mean  ±  SD  (range) 

(1.5-18.1) 

(1.0-33.4) 

(1 .2-35.3) 

(1.3-23.8) 

(1.0-35.3) 

Ml,  mean  ±  SD  (range) 

Former  smokers 

6.3  ±  12.4 

2.6  ±  6.3 

4.5  ±  7.8 

10.0  ±  14.1 

5.6  ±  10.2 

(0-33.3) 

(0-16.7) 

(0-16.7) 

(0-33.3) 

(0-33.3) 

Current  smokers 

17.0  ±  24.3 

14.9  ±  18.9 

14.8  ±  19.3 

14.0  ±  18.5 

15.2  ±  20.3 

(0-83.3) 

(0-66.7) 

(0-66.7) 

(0-60.0) 

(0-83.3) 

Dysplasia 

No 

46  (92.0%) 

50  (98.0%) 

51  (98.1%) 

45  (88.2%) 

192  (94.1%) 

Yes 

4  (8.0%) 

1  (2.0%) 

1  (1.9%) 

6  (11.8%) 

12  (5.9%) 

Abbreviations:  PCB,  placebo;  CCX,  celecoxib. 


During  the  protocol  suspension,  treatment  was  sus¬ 
pended  for  29  patients,  all  of  whom  subsequently  left 
the  study.  Four  patients  were  randomized  but  never 
started  the  study  drug  because  of  safety  concerns. 

Common  reasons  for  dropout  in  the  high-dose  celecox¬ 
ib  group  (400  mg)  included  nonadherence  as  judged  by 
pill  counts  (12  participants),  having  or  developing  concur¬ 
rent  medical  conditions  (10  participants),  and  personal 
reasons  (5  participants). 

Patients  were  stratified  into  statistical  groups  according 
to  smoking  status  (current  or  former  smokers).  To  moni¬ 
tor  smoking  status,  patients  were  asked  at  each  visit  wheth¬ 
er  they  were  actively  smoking,  and  serum  cotinine  levels 


were  measured.  In  general,  semm  cotinine  values  agreed 
with  the  patient  reports,  but  Fig.  2  shows  two  patients 
who  reported  having  stopped  smoking  but  had  cotinine 
levels  >20  ng/mL  at  baseline.  An  additional  two  former 
smokers  admitted  to  resuming  smoking  during  the  study. 

Adherence  to  treatment 

Pill  counts  were  done  on  a  monthly  basis  to  measure 
treatment  adherence,  which  was  excellent.  Based  on  pill 
counts  over  the  first  3  months  of  treatment,  participants 
enrolled  in  the  PCB,  CCX0,  and  CCX1  arms  took  93.7% 
(+15.2),  92.1%  (+11.78),  and  94.5%  (+15.3)  of  the  pre¬ 
scribed  doses,  respectively.  Comparable  results  were 
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Former  Smokers  Current  Smokers 


Fig.  2.  Cotinine  levels  by  smoking  status  over  time  in  both  former  smokers  and  current  smokers.  Each  black  line  represents  one  participant's  data.  The  red 
line  represents  the  average.  The  Y  axis  is  the  measured  cotinine  level. 


observed  at  6  months  of  follow-up  (data  not  shown). 
There  were  no  differences  in  adherence  levels  between 
the  treatment  groups. 

Treatment-related  toxicity 

Of  the  204  patients  who  were  randomized  to  study  sec¬ 
tions,  92  experienced  at  least  one  toxic  effect,  and  a  total  of 


196  toxicity  episodes  were  reported.  Fifty-eight  patients  ex¬ 
perienced  grade  1  toxicities,  28  patients  experienced  grade 
2  toxicities,  and  6  patients  reported  grade  3  to  4  toxicities 
(confusion,  thrombosis,  hyperglycemia,  allergic  reaction, 
hypertension,  and  nausea/abdominal  pain),  but  only  hy¬ 
perglycemia,  hypertension,  and  nausea/abdominal  pain 
were  considered  to  be  possibly  treatment  related  (Table  2). 


Table  2.  Toxic  effects  of  protocol  treatment  over  time  period 


Treatment  group 

Time  period 

1 

No.  patients  experiencing  each  grade  of  toxicity 

2  3 

4 

PCB  +  PCB  (n  =  50) 

All 

17 

7 

1 

0 

PCB  +  CCX 

Dose  0  (n  =  21) 

1  st  3  mo 

6 

0 

0 

0 

2nd  3  mo 

4 

1 

0 

0 

Dose  +1  {n  =  30) 

1  st  3  mo 

10 

2 

1 

0 

2nd  3  mo 

1 

3 

2 

0 

CCX  +  PCB 

Dose  0  {n  =  22) 

1  st  3  mo 

2 

0 

0 

0 

2nd  3  mo 

7 

1 

0 

0 

Dose  +1  {n  =  30) 

1  st  3  mo 

5 

6 

0 

0 

2nd  3  mo 

2 

4 

0 

0 

CCX  +  CCX 

Dose  0  (n  =  1 9) 

All 

4 

0 

0 

1 

Dose  +1  {n  =  32) 

All 

5 

4 

1 

0 

Abbreviations:  PCB,  placebo;  CCX,  celecoxib;  Dose  0,  low-dose;  Dose  +1 ,  high-dose. 
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Table  3.  Celecoxib  levels  at  3  months  by  smoking  status 


Smoking  status  Celecoxib  levels 


Treatment 

n  observed 

Mean  (pmol/L) 

SD 

Minimum 

Median 

Maximum 

Current 

CCX:  0 

23 

2.11 

3.40 

0.00 

1.26 

16.53 

CCX:  +1 

17 

2.71 

1.34 

0.00 

2.43 

5.16 

Former 

CCX:  0 

7 

2.86 

0.79 

1.92 

2.62 

3.98 

CCX:  +1 

4 

3.23 

3.08 

0.64 

2.38 

7.50 

NOTE:  P  =  0.78  and  P  =  0.004,  Wilcoxon  rank  sum  test,  comparing  celecoxib  levels  between  dose  levels  in  former  (2.86  ±  0.79 
versus  3.23  ±  3.08)  and  current  (2.1 1  ±  3.40  versus  2.71  ±  1 .34)  smoker  groups,  respectively.  P  =  0.008  and  P  =  0.89,  Wilcoxon  rank 
sum  test,  comparing  celecoxib  levels  between  smoking  status  for  dose  0  (2.11  ±  3.40  versus  2.86  ±  0.79)  and  +1  (2.71  ±  1.34 
versus  3.23  ±  3.08)  levels,  respectively. 

Abbreviations:  CCX:  0,  low-dose  celecoxib;  CCX:  +1,  high-dose  celecoxib. 


No  cardiac  toxicities  were  observed  in  the  study.  According 
to  protocol  guidelines,  patients  who  experienced  toxicities 
of  grade  2  or  greater  had  their  dose  levels  reduced  to  the  -1 
dose  level  (100  mg). 

Serum  celecoxib  levels 

Serum  celecoxib  levels  were  collected  via  blood  draw  and 
measured  at  baseline  and  at  defined  treatment  time  points 
(1,  3,  4,  and  6  months)  before  the  patient  taking  the  morn¬ 
ing  dose.  At  3  months,  mean  celecoxib  levels  were  generally 
in  the  low  micromolar  range  (Table  3).  Serum  celecoxib  le¬ 
vels  were  dose  dependent  in  current  smokers  (2.71  +  1.34 
with  high  dose  versus  2.1 1  ±  3.40  with  low  dose;  P  =  0.004, 
Wilcoxon  rank  sum  test)  but  not  in  former  smokers  (Table 
3).  On  the  basis  of  findings  from  an  in  vitro  study  (29),  low- 
micromolar  celecoxib  levels  would  be  sufficient  to  have 
biological  effects  on  NSCLC  cells. 


Squamous  metaplasia  and  dysplasia  in  the 
bronchial  epithelium 

A  total  of  212  patients  underwent  at  least  one  broncho- 
scopic  procedure  each,  adding  up  to  a  sum  of  443  bron- 
choscopic  procedures  generating  2,658  biopsy  samples. 
Among  them,  1,272  biopsy  samples  were  done  at  base¬ 
line,  762  at  3  months  of  time,  and  624  at  6  months  of 
time.  Eighteen  baseline  biopsy  samples  were  inadequate 
for  histologic  interpretation.  Of  the  remaining  1,254  base¬ 
line  samples,  1,086  (86.6%)  had  normal  histology,  152 
(12.1%)  had  squamous  metaplasia,  and  16  (1.3%)  had 
dysplasia.  Squamous  metaplasia  or  dysplasia  was  detected 
in  15.5%  (148  of  958)  of  the  samples  obtained  from  cur¬ 
rent  smokers  and  in  5.7%  (14  of  248)  of  the  samples  ob¬ 
tained  from  former  smokers.  The  corresponding  MI  was 
higher  in  current  smokers  [15.2  (+20.3),  n  =  162]  than 
in  former  smokers  [5.6  (+10.2),  n  =  42;  P=  0.004,  Wilcoxon 


Fig.  3.  Baseline  squamous  metaplasia. 
Current  smokers  had  a  higher  percentage  of 
squamous  metaplasia  than  former  smokers. 
Each  dot  represents  one  participant's 
information  in  relation  to  Ml. 
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Table  4.  Modulation  of  Ml  from  baseline  to  3  mo  by  treatment  arm  at  each  dose  level,  by  smoking  status 

Smoking  status  Treatment  Variable  n  Mean  SD  Minimum  Median  Maximum 

Former 

CCX,  dose  0 

Ml0 

8 

6.25 

8.63 

0.00 

0.00 

16.67 

mi3 

8 

6.25 

12.40 

0.00 

0.00 

33.33 

mi30 

8 

0.00 

12.60 

-16.67 

0.00 

16.67 

CCX,  dose  +1 

Mlo 

7 

4.76 

8.13 

0.00 

0.00 

16.67 

mi3 

7 

0.00 

0.00 

0.00 

0.00 

0.00 

mi30 

7 

-4.76 

8.13 

-16.67 

0.00 

0.00 

Placebo 

Mlo 

13 

5.13 

10.51 

0.00 

0.00 

33.33 

mi3 

13 

1.28 

4.62 

0.00 

0.00 

16.67 

mi30 

13 

-3.85 

12.08 

-33.33 

0.00 

16.67 

Current 

CCX,  dose  0 

Mlo 

25 

15.00 

21.97 

0.00 

0.00 

66.67 

mi3 

25 

16.13 

18.95 

0.00 

16.67 

66.67 

mi30 

25 

1.13 

14.87 

-33.33 

0.00 

33.33 

CCX,  dose  +1 

Mlo 

29 

12.87 

14.93 

0.00 

16.67 

50.00 

mi3 

29 

15.92 

17.88 

0.00 

16.67 

66.67 

mi30 

29 

3.05 

18.44 

-33.33 

0.00 

33.33 

Placebo 

Mlo 

44 

15.45 

23.18 

0.00 

0.00 

83.33 

mi3 

44 

16.06 

22.45 

0.00 

8.33 

100.00 

mi30 

44 

0.61 

22.43 

-50.00 

0.00 

66.67 

NOTE:  One  patient  did  not  have  a  3-mo  Ml  reading  from  the  biopsy. 

Abbreviations:  CCX,  dose  0,  low-dose  celecoxib;  CCX,  dose  +1,  high-dose  celecoxib;  Ml0,  Ml  baseline;  Ml3,  Ml  at  3  mo;  Ml30, 

Ml  difference  (Ml3  -  Ml0). 

rank  sum  test;  Fig.  3].  There  were  no  differences  in  MI  val¬ 
ues  among  the  treatment  groups  (Table  4). 

Effect  of  treatment  on  Ki-67  labeling  index 

The  primary  end  point  of  the  study  was  modulation  of 
the  Ki-67  index  from  the  baseline  level  after  3  months  of 
treatment.  Ki-67  values  were  measurable  in  2,202  biopsy 
samples  (1,069  at  baseline,  627  at  3  months  of  time,  and 
506  at  6  months  of  time)  obtained  from  200  patients  ran¬ 
domized  to  one  of  the  four  study  groups  (Table  5).  Wil- 
coxon  rank  sum  test  shows  that  baseline  Ki-67  expression 
was  significantly  higher  in  current  than  in  former  smokers 
among  all  epithelial  layers  (6.15  +  6.01%  versus  3.86  ± 
5.56%;  P  =  0.002),  the  basal  layer  (6.07  ±  6.77%  versus 
3.49  ±  4.69%;  P  =  0.003),  and  the  parabasal  layer  (9.23  ± 
10.42%  versus  6.31  ±  12.43%;  P  =  0.009).  Other  variables 
that  affected  Ki-67  labeling  were  the  presence  of  squamous 
metaplasia  (P  <  0.0001)  and  the  number  of  quit-years 
(1  to  <5,  P  =  0.0004;  >5,  P  <  0.0001).  We  first  examined 
the  effect  of  celecoxib  treatment  on  Ki-67  labeling  in  all 
epithelial  layers,  which  was  the  primary  study  end  point, 
by  combining  the  low-  and  high-dose  treatment  cohorts. 
Mixed-model  analysis  revealed  that  Ki-67  labeling  was  not 
significantly  different  between  the  celecoxib  and  placebo 
groups  (P  =  0.12).  However,  although  the  effect  of  low- 
dose  treatment  was  not  significant  (P  =  0.79),  3  months 
of  high-dose  treatment  decreased  Ki-67  labeling  in  all  ep¬ 
ithelial  layers  in  both  former  smokers  (3.85%  decrease) 
and  current  smokers  (1.10%  decrease),  which  was  a  sig¬ 
nificantly  greater  reduction  in  both  groups  (P  =  0.02, 


mixed-model  analysis)  than  that  in  the  placebo  group  af¬ 
ter  adjusting  for  metaplasia  and  smoking  status  (Table  6; 
Fig.  4A).  This  treatment  effect  persisted  at  the  6-month 
time  point  (Fig.  4B),  which  further  supports  the  idea  that 
there  was  a  biological  effect  resulting  from  high-dose  treat¬ 
ment.  Additional  analysis  was  then  done  to  examine  the 
effect  of  high-dose  treatment  on  specific  epithelial  layers. 
Although  changes  in  the  parabasal  layer  did  not  reach 
significance,  Ki-67  labeling  decreased  in  the  basal  layer 
by  4.14%  in  former  smokers  and  1.41%  in  current  smo¬ 
kers,  which  was  a  significantly  greater  reduction  than  that 
observed  in  the  placebo  arm  (P  =  0.008,  mixed-model 
analysis). 

Discussion 

In  this  first-ever  randomized  clinical  trial  of  a  6-month 
celecoxib  regimen  in  current  and  former  smokers,  we 
found  that  celecoxib  is  safe  to  administer  and  biologically 
active  in  the  bronchial  epithelium.  The  effects  of  treatment 
on  the  primary  end  point,  bronchial  epithelial  prolifera¬ 
tion  after  3  months  of  time,  are  noteworthy  given  that 
the  participant  accrual  goal  was  not  reached.  Moreover, 
the  biological  activity  and  safety  of  celecoxib  in  this  cohort 
warrant  additional  studies  on  the  efficacy  of  celecoxib  in 
NSCLC  chemoprevention. 

Problems  encountered  during  the  conduct  of  this  trial 
highlight  several  important  feasibility  issues  in  planning 
lung  chemoprevention  studies.  The  unanticipated  cardiac 
toxicities  reported  in  large  trials  examining  the  efficacy  of 
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Table  5.  Distribution  of  Ki-67  index  (all  layers)  in  patients  by  smoking  status  and  treatment  at  baseline, 

3  mo,  and  difference  from  baseline  to  3  mo  (n  =  200) 

Smoking  status  Treatment  Variable  n  Mean  SD  Minimum  Median  Maximum  P* 

Former  CCX,  dose  0 

Baseline 

11 

2.90 

2.36 

0.50 

2.69 

8.63 

0.55 

3  mo 

8 

3.85 

4.57 

0.17 

1.31 

11.06 

Difference 

8 

1.04 

5.43 

-8.19 

0.55 

9.88 

CCX,  dose  +1 

Baseline 

10 

4.89 

7.68 

0.93 

1.87 

26.24 

0.38 

3  mo 

7 

2.47 

2.75 

0.10 

1.62 

8.18 

Difference 

7 

-3.85 

10.13 

-25.6 

-1.79 

6.32 

Placebo 

Baseline 

18 

3.88 

5.77 

0.08 

1.50 

23.81 

0.95 

3  mo 

13 

2.80 

2.38 

0.14 

2.23 

7.45 

Difference 

13 

-1.23 

6.16 

-20.1 

0.03 

6.89 

Current  CCX,  dose  0 

Baseline 

30 

6.62 

7.37 

0.38 

4.16 

30.89 

0.97 

3  mo 

25 

6.48 

4.89 

0.25 

5.46 

16.23 

Difference 

25 

0.06 

5.22 

-11.5 

-0.68 

12.97 

CCX,  dose  +1 

Baseline 

50 

6.03 

4.84 

0.35 

4.59 

23.66 

0.27 

3  mo 

29 

6.76 

5.88 

0.00 

5.43 

19.82 

Difference 

28 

-1.10 

6.91 

-13.5 

-1.71 

14.12 

Placebo 

Baseline 

80 

6.05 

6.18 

0.00 

4.65 

32.13 

0.89 

3  mo 

44 

7.66 

7.10 

0.00 

6.15 

38.10 

Difference 

44 

0.15 

8.58 

-26.4 

-0.15 

34.42 

NOTE:  One  patient  did  not  have  a  baseline  Ki-67  reading  due  to  inadequate  tissue. 

*Wilcoxon  signed-rank  test  comparing  modulation  of  Ki-67  index  within  each  subgroup. 

celecoxib  and  other  nonsteroidal  anti-inflammatory  drugs 
in  colon  cancer  chemoprevention  (30-35)  negatively  af¬ 
fected  the  conduct  of  this  study  in  several  respects.  First, 
participant  accrual  was  interrupted  for  6  months.  Second, 
data  from  patients  who  had  been  actively  receiving  treat¬ 
ment  at  the  time  of  protocol  suspension  were  deemed  in- 
evaluable  due  to  early  treatment  cessation.  Third,  patient 
accrual  after  the  trial  reopened  proceeded  at  a  slower  rate 
than  it  had  before  trial  suspension,  which  suggests  that  the 
negative  publicity  associated  with  the  cardiac  toxicity  re¬ 


ports  adversely  affected  patient  accrual.  In  fact,  we  did 
not  observe  any  cardiovascular  toxicity  in  this  cohort.  This 
may  have  been  related  to  the  short  duration  of  celecoxib 
treatment  in  this  study  relative  to  that  of  the  trials  report¬ 
ing  these  toxicities,  which  required  treatments  of  more 
than  12  months  of  duration  (20,  30,  36-38). 

The  findings  reported  here  on  Ki-67  labeling  in  the 
bronchial  epithelium  are  noteworthy  for  several  reasons. 
First,  Ki-67  labeling  decreased  in  participants  treated  with 
high-dose  but  not  low-dose  celecoxib.  Similarly,  celecoxib 


Table  6.  Mixed-model  analysis  on  the  effects  of  Ki-67  (n  =  200) 

Covariates  Estimate 

SE 

P 

SQM  (+  vs  -) 

0.62 

0.05 

<0.0001 

Quit-years 

1  to  <5  y  vs  current  smokers 

-0.21 

0.06 

0.0004 

>5  y  vs  current  smokers 

-0.37 

0.06 

<0.0001 

Treatment 

CCX  (dose  0  vs  placebo) 

0.09 

0.05 

0.12 

CCX  (dose  +1  vs  placebo) 

0.10 

0.05 

0.03 

Time  (3  mo  vs  baseline) 

0.09 

0.05 

0.049 

Treatment  time 

CCX  (dose  0  vs  placebo  at  3  mo) 

-0.02 

0.08 

0.79 

CCX  (dose  +1  vs  placebo  at  3  mo) 

-0.17 

0.07 

0.02 

Abbreviation:  SQM,  any  squamous  metaplasia. 
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Fig.  4.  Mean  Ki-67  over  time  in  all  layers.  A,  baseline  and  3-mo  time  points  show  decreasing  expression  of  Ki-67  with  high-dose  celecoxib  over  time  in 
both  current  and  former  smokers  who  had  both  baseline  and  3-mo  Ki-67  measurements.  Total  evaluable  patients  are  28  in  former  smoker  group  and 
97  in  current  smoker  group.  Y  axis,  Ki-67  index.  B,  baseline,  3-mo,  and  6-mo  time  periods  show  a  similar  trend  for  Ki-67  expression  with  high-dose 
celecoxib  in  both  current  and  former  smokers  who  had  baseline,  3-mo,  and  6-mo  Ki-67  measurements.  Total  evaluable  patients  are  10  in  former  smoker 
group  and  37  in  current  smoker  group.  Placebo  and  low-dose  celecoxib  follow  similar  patterns,  especially  in  current  smokers.  Y  axis,  Ki-67  index. 


is  more  efficacious  in  colon  cancer  chemoprevention  when 
administered  at  400  mg  twice  daily  than  at  200  mg  twice 
daily  (20,  30,  38).  These  findings  suggest  that,  although 
it  may  have  less  treatment-related  toxicity,  low-dose 
(200  mg)  celecoxib  has  no  efficacy  in  NSCLC  chemopre¬ 
vention  and  argue  against  such  a  trial  design. 

Second,  Ki-67  levels  decreased  more  prominently  in  for¬ 
mer  smokers  than  in  current  smokers,  especially  in  those 
patients  who  completed  baseline  and  3-month  bronchos¬ 
copies  (Fig.  4A).  This  effect  was  also  observed  in  patients 
who  completed  baseline,  3-month,  and  6-month  bronch¬ 


oscopies  (Fig.  4B)  and  received  high-dose  celecoxib.  It  is 
important  to  note  that  these  are  subset  analyses  and  the 
number  of  patients  is  low,  especially  in  the  former  smo¬ 
kers.  Serum  celecoxib  levels  did  not  differ  in  current  versus 
former  smokers  treated  with  high-dose  celecoxib  (data  not 
shown),  but  detailed  pharmacokinetic  studies  were  not 
done,  so  we  cannot  exclude  the  possibility  that  the  phar¬ 
macokinetics  of  celecoxib  contributed  to  this  outcome. 
Current  and  former  smokers  may  differ  with  respect  to 
the  role  that  COX-2  plays  in  maintaining  bronchial  epi¬ 
thelial  proliferation.  In  fact,  other  studies  have  reported 
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differences  between  these  two  groups  with  respect  to  bron¬ 
chial  epithelial  biology  (28,  39,  40). 

Third,  the  reduction  in  Ki-67  labeling  was  not  accompa¬ 
nied  by  a  decrease  in  MI,  and  the  effect  of  celecoxib  on 
Ki-67  did  notvary  on  the  basis  of  histology,  indicating  that 
the  decrease  in  Ki-67  was  not  due  to  a  reduction  in  bron¬ 
chial  metaplasia,  which  has  been  reported  to  increase 
Ki-67  labeling  (28,  41-43).  Dysplasia  was  uncommon  in 
this  cohort,  so  no  conclusions  can  be  made  about  the 
effect  of  celecoxib  on  this  histologic  abnormality. 

Fourth,  Ki-67  decreased  more  prominently  in  the  basal 
layer  than  it  did  in  the  parabasal  layer,  a  strikingly  differ¬ 
ent  finding  from  those  reported  in  chemoprevention  stud¬ 
ies  using  retinoids,  which  reduce  bronchial  metaplasia  and 
are  active  primarily  in  the  parabasal  layer  of  the  bronchial 
epithelium  (27,  28,  44).  Collectively,  these  findings  sug¬ 
gest  that  the  basal  and  parabasal  compartments  of  the 
bronchial  epithelium  are  biologically  distinct,  which  is 
consistent  with  evidence  that  cells  in  the  basal  layer  have 
a  low  proliferation  rate,  express  progenitor  cell  markers, 
and  have  multipotent  differentiation  potential  (45), 
whereas  cells  in  the  parabasal  layer  have  a  higher  prolifer¬ 
ation  rate  and  have  undergone  differentiation  into  mucous- 
secreting  and  other  epithelial  cell  types. 
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Genomic  and  functional  analysis  identifies  CRKL  as  an  oncogene 
amplified  in  lung  cancer 
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DNA  amplifications,  leading  to  the  overexpression  of 
oncogenes,  are  a  cardinal  feature  of  lung  cancer  and 
directly  contribute  to  its  pathogenesis.  To  uncover  such 
novel  alterations,  we  performed  an  array-based  compara¬ 
tive  genomic  hybridization  survey  of  128  non-small-cell 
lung  cancer  cell  lines  and  tumors.  Prominent  among  our 
findings,  we  identified  recurrent  high-level  amplification  at 
cytoband  22qll.21  in  3%  of  lung  cancer  specimens,  with 
another  11%  of  specimens  exhibiting  low-level  gain  spanning 
that  locus.  The  22qll.21  am  pi  icon  core  contained  eight 
named  genes,  only  four  of  which  were  overexpressed  (by 
transcript  profiling)  when  amplified.  Among  these,  CRKL 
encodes  an  adapter  protein  functioning  in  signal  transduc¬ 
tion,  best  known  as  a  substrate  of  the  BCR-ABL  kinase  in 
chronic  myelogenous  leukemia.  RNA-interference-mediated 
knockdown  of  CRKL  in  lung  cancer  cell  lines  with  (but  not 
without)  amplification  led  to  significantly  decreased  cell 
proliferation,  cell-cycle  progression,  cell  survival,  and  cell 
motility  and  invasion.  In  addition,  overexpression  of  CRKL 
in  immortalized  human  bronchial  epithelial  cells  led  to 
enhanced  growth  factor-independent  cell  growth.  Our 
findings  indicate  that  amplification  and  resultant  overexpres¬ 
sion  of  CRKL  contribute  to  diverse  oncogenic  phenotypes  in 
lung  cancer,  with  implications  for  targeted  therapy,  and 
highlight  a  role  of  adapter  proteins  as  primary  genetic 
drivers  of  tumorigenesis. 
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Introduction 

Lung  cancer  is  the  leading  cause  of  cancer  death  in  the 
United  States,  accounting  for  almost  30%  of  all  cancer- 
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related  mortality  (Jemal  et  al. ,  2008).  Nearly  80% 
of  lung  cancers  diagnosed  are  non-small-cell  lung 
cancers  (NSCLCs),  which  are  classified  into  three  main 
histological  subtypes:  adenocarcinoma,  squamous  cell 
carcinoma  and  large  cell  carcinoma.  Despite  the 
advancement  of  surgical,  cytotoxic  and  radiological 
treatment  options  over  the  years,  lung  cancer  therapy 
remains  largely  ineffective  from  a  clinical  standpoint, 
as  evidenced  by  a  low  5-year  survival  rate  (<  15%), 
and  underscores  the  aggressive  nature  of  the  disease. 

Much  effort  has  been  directed  toward  elucidating 
the  pathogenetic  alterations  underlying  the  initiation 
and  progression  of  NSCLC,  with  the  hope  of  developing 
novel  therapeutics  to  selectively  target  those  alterations 
in  vivo.  Indeed,  recent  application  of  epidermal  growth 
factor  receptor  (EGFR)  tyrosine  kinase  inhibitors 
has  been  moderately  successful  in  the  treatment 
of  NSCLCs  harboring  activating  point  mutations  of 
EGFR  (Lynch  et  al .,  2004;  Paez  et  al .,  2004).  It  is 
likely  that  other  genetic  alterations  in  NSCLC  await 
discovery,  and  once  characterized  might  provide  useful 
targets  for  therapy. 

Genomic  DNA  amplifications  are  a  frequent  class 
of  aberrations  in  NSCLC,  where  increased  gene  dosage 
leads  to  overexpression  of  key  cancer  genes.  Genomic 
profiling  studies  of  NSCLC,  using  cDNA  (Tonon  et  al ., 
2005;  Kwei  et  al .,  2008),  BAC  (Garnis  et  al .,  2006), 
oligonucleotide  (Tonon  et  al .,  2005;  Kendall  et  al .,  2007) 
and  single  nucleotide  polymorphism  (Zhao  et  al .,  2005; 
Weir  et  al .,  2007)  arrays  have  revealed  focal  amplicons 
harboring  known  oncogenes,  such  as  KRAS  (12pl2.1), 
EGFR  (7pl2.2),  ERBB2  (17ql2),  MET  (7q31.2),  MYC 
(8q24.1),  CDK4  (12ql4.1)  and  CCND1  (llql3.2),  and 
have  led  to  the  recent  discovery  of  TITF1  (14ql3) 
as  a  lineage-dependent  oncogenic  transcription  factor 
amplified  in  lung  cancer  (Kendall  et  al .,  2007;  Weir 
et  al .,  2007;  Kwei  et  al .,  2008).  For  other  recurrent 
amplicons,  the  driver  oncogene(s)  have  not  yet  been 
identified,  and  mapping  such  loci  provides  a  starting 
point  for  cancer  gene  discovery  and  characterization. 
Here,  from  a  cDNA  microarray-based  genomic  profiling 
analysis  of  128  lung  cancer  specimens,  we  identify 
amplification  of  CRKL  (22qll)  as  a  recurrent  genetic 
event  promoting  cell  proliferation,  survival  and  invasion 
in  lung  cancer. 
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Results 

Recurrent  22qll  amplicon  in  NSCLC  spans  CRKL 
To  identify  recurrent  DNA  amplifications  pinpointing 
novel  oncogenes  in  NSCLC,  we  analyzed  cDNA  array 
comparative  genomic  hybridization  (CGH)  data  gener¬ 
ated  on  52  NSCLC  cell  lines  and  76  NSCLC  tumors, 
the  latter  comprising  36  adenocarcinomas  (including 
2  metastases)  and  40  squamous  cell  carcinomas  (with 
1  metastasis),  totaling  128  samples.  One  of  the  most 


frequently  amplified  loci  not  associated  with  a  known 
oncogene  occurred  at  cytoband  22ql  1 .21  (Figure  la), 
where  high-level  amplification  (fluorescence  ratios  >3, 
corresponding  to  >  5-fold  amplification;  Pollack  et  al ., 
1999)  was  found  in  4  of  128  samples  analyzed  (3%),  with 
low-level  gain  spanning  22q  11.21  present  in  an  addi¬ 
tional  14  of  128  samples  (11%).  There  was  no  significant 
difference  in  the  frequency  of  22ql  1.21  gain/amplifi¬ 
cation  between  adenocarcinoma  and  other  histologies 
(both  for  cell  lines  and  for  tumors),  nor  in  the  NSCLC 
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Figure  1  Recurrent  22ql  1  amplicon  in  non-small-cell  lung  cancer  (NSCLC)  spans  CRKL.  (a)  Frequency  plot  of  cytobands  harboring 
high-level  DNA  amplification  in  NSCLC  cell  lines.  Cytobands  consisting  known  oncogenes  in  lung  cancer  are  indicated,  with  22ql  1.21 
highlighted  in  red.  (b)  Heat  map  representation  of  array  comparative  genomic  hybridization  (CGH)  profiles  of  NSCLC  cell  lines  and 
tumors  representing  a  segment  of  22ql  1.21.  Each  column  represents  a  different  sample  (histologies  indicated,  M  =  metastasis)  and  each 
row  represents  a  different  gene  ordered  by  chromosome  position.  Red  indicates  positive  tumor/normal  array  CGH  ratios  (scale 
shown),  and  samples  called  gained  (by  cghFLasso)  or  highly  amplified  at  22ql  1 .21  are  marked  below  by  closed  black  or  red  circles. 
Genes  residing  within  the  smallest  common  region  of  gain  (amplicon  core)  are  indicated;  those  with  increased  expression  when 
amplified  (see  Figure  2a)  are  highlighted  in  red.  AIFM3  (asterisked)  was  not  present  on  the  array  but  resides  where  shown, 
(c)  fluorescence  in  situ  hybridization  (FISH)  validation  of  CRKL  amplification  in  NSCLC  cell  lines  HCC515  and  HI 8 19.  DNA 
amplification  is  indicated  by  increased  CRKL  (green)  to  telomere-22q  (red)  signals  or  signal  clusters. 
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lines  was  there  a  significant  association  between 
22ql  1.21  gain/amplification  and  mutation  of  KRAS , 
EGFR  or  TP 5 3  (data  not  shown).  Conversely,  we 
observed  significant  (false  discovery  rate  <0.01)  associa¬ 
tion  of  22q  11.21  gain  with  concomitant  gains  elsewhere 
in  the  genome,  namely  at  9q34.3,  1  Iql3.2-ql3.3 
( CCND1 ),  15q24.1  and  21q22.3  (Supplementary  Table  2), 
suggesting  possible  cooperative  interactions. 

The  smallest  region  of  recurrent  amplification  (or  amp- 
licon  core)  (Figure  lb),  spanned  approximately  170  kb 
within  22ql  1.21,  and  contained  eight  known  RefSeq  genes, 
which  included  SNAP29  (synaptosomal-associated  protein 
29),  CRKL  (v-crk  avian  sarcoma  virus  CT10  oncogene 
homologue-like),  AIFM3  (apoptosis-inducing  factor,  mito¬ 
chondrion-associated  3),  LZTR1  (leucine-zipper-like 
transcriptional  regulator  1),  THAP7  (THAP  domain- 
containing  protein  7),  FLJ39582  (hypothetical  protein 
LOC439931),  P2RXL1  (purinergic  receptor  P2X-like  1, 
orphan  receptor)  and  SLC7A4  (solute  carrier  family  7 
(cationic  amino-acid  transporter,  y  +  system),  member  4). 
Expression  profiling,  performed  in  parallel  with  array 
CGH,  revealed  that  only  four  genes  {SNAP 29,  CRKL , 
LZTR1  and  THAP7)  were  overexpressed  when  amplified 
(P<0.05,  Student’s  t- test)  (Figure  2a),  thus  effectively 
narrowing  the  list  of  candidate  ‘driver’  oncogenes.  One  of 
these  genes,  CRKL ,  encodes  an  Src  homology  2  and  3 
(SH2/SH3)  domain-containing  adapter  protein  that  shares 


homology  with  the  CRK  proto-oncogene  (ten  Hoeve 
et  al .,  1993).  Best  known  as  a  substrate  of  the  BCR-ABL 
oncogenic  kinase  in  chronic  myelogenous  leukemia 
(Sattler  and  Salgia,  1998),  a  role  of  CRKL  in  other  cancer 
types  remains  largely  unexplored.  We  therefore  sought 
to  characterize  a  possible  role  of  CRKL  amplification 
in  lung  cancer. 


CRKL  amplification  promotes  cell  proliferation 
and  survival 

To  assess  the  functional  significance  of  CRKL  amplifi¬ 
cation  and  overexpression  in  NSCLC,  we  used  small- 
interfering  RNAs  (siRNAs)  directed  against  CRKL 
in  two  cell  lines,  HCC515  and  HI 8 19,  for  which  CRKL 
amplification  had  been  validated  by  fluorescence  in  situ 
hybridization  (Figure  lc),  and  with  increased  levels 
of  total  and  phosphorylated  (activated)  CRKL  protein 
(Figure  2b).  Transfection  of  two  different  siRNAs 
targeting  distinct  sequences  within  CRKL  each  led 
to  decreased  levels  of  total  and  p-CRKL  proteins 
(Figure  3a),  and  significantly  decreased  cell  proliferation 
(measured  using  the  WST-1  assay)  compared  with 
a  negative  control  siRNA  targeting  an  irrelevant  gene, 
green  fluorescent  protein  (GFP;  Figure  3b).  In  contrast, 
knockdown  of  CRKL  in  HI 57,  a  lung  cancer  cell  line 
without  CRKL  amplification  and  with  comparatively 
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Figure  2  CRKL  is  overexpressed  when  amplified,  (a)  mRNA  transcript  levels  (centered  log2  ratios,  measured  by  microarray)  of  genes 
residing  within  the  22q  11.21  amplicon  core,  plotted  separately  for  specimens  with  and  without  22q  11.21  amplification.  Box  plots  show 
25th,  50th  (median)  and  75th  percentiles  of  expression  for  samples;  genes  whose  expression  is  significantly  (Student’s  t-test,  P<0.05) 
elevated  with  DNA  amplification  are  indicated  (*).  (b)  Western  blot  analysis  of  CRKL  protein  in  representative  non-small-cell  lung 
cancer  (NSCLC)  cell  lines  confirming  overexpression  in  NSCLC  cell  lines  with  (compared  to  without)  22ql  1.21  amplification.  Total 
and  phosphorylated  (active)  CRKL  (pY207)  levels  are  shown.  Glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  serves  as 
a  loading  control.  Note,  CRKL  amplification  appears  better  correlated  with  p-CRKL  than  total  CRKL  (see  Discussion  section). 
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Figure  3  CRKL  amplification  contributes  to  cell  proliferation  and  survival,  (a)  Confirmation  of  siRNA-mediated  knockdown 
of  CRKL  protein  by  western  blot  analysis.  Two  different  siRNA  constructs  targeting  CRKL  reduce  total  and  phosphorylated  protein 
levels  in  CRKL- amplified  cell  lines  (HCC515  and  HI 8 19)  and  a  cell  line  without  amplification  (HI 57),  compared  with  a  negative 
control  siRNA  targeting  an  irrelevant  gene,  green  fluorescent  protein  ( GFP ).  Glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH) 
serves  as  a  loading  control,  (b)  siRNA-mediated  knockdown  of  CRKL  results  in  decreased  cell  proliferation,  compared  to  control 
siRNA,  as  measured  by  WST-1  assay  in  CRKL- amplified  cells  (HCC515  and  H1819),  with  less  pronounced  effects  in  a  nonamplified 
line  (HI 57)  expressing  lower  levels  of  CRKL  (*P<0.05,  Student’s  t-test,  CRKL  siRNA  compared  to  control),  (c)  Knockdown 
of  CRKL  reduces  cell-cycle  progression  as  measured  72  h  after  transfection  by  5-bromo-2-deoxyuridine  (BrdU)  incorporation, 
indicated  by  a  decrease  in  S-phase  fraction  with  Gi  block  compared  to  control  siRNA  (*P<0.05,  Student’s  t-test).  Representative  flow 
cytometry  plots  are  also  shown,  (d)  Knockdown  of  CRKL  leads  to  increased  apoptosis  levels  72  h  after  transfection,  as  quantified  by 
flow  cytometry-based  Annexin  V  staining,  compared  to  control  siRNA  (*P<0.05,  Student’s  t-test).  Representative  flow  cytometry 
plots  are  also  shown;  L,  live;  A,  apoptotic;  D,  dead. 


less  expression  of  CRKL,  led  to  a  more  subtle  effect 
on  cell  proliferation,  supporting  the  specificity  of  CRKL 
targeting. 


The  observed  decrease  in  cell  proliferation  might  be 
attributable  to  decreased  cell-cycle  progression,  increased 
apoptosis  or  both.  To  distinguish  these  possibilities,  we 
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assayed  cell-cycle  progression  by  measuring  5-bromo-2- 
deoxyuridine  (BrdU)  incorporation,  and  apoptosis  by 
Annexin  Y  staining.  Targeted  knockdown  of  CRKL  in  the 
amplified  lines  HCC515  and  HI 8 19  resulted  in  decreased 
cell-cycle  progression,  as  evidenced  by  a  significant 
decrease  in  S-phase  fraction  with  Gi  block  (Figure  3c) 
compared  with  control  siRNA.  CRKL  knockdown 
in  amplified  cell  lines  also  led  to  increased  apoptosis, 
evidenced  by  the  higher  fraction  of  Annexin  Y-positive 
cells  with  siRNA  targeting  CRKL  versus  control  (though 
reaching  significance  only  for  HCC515)  (Figure  3d). 

CRKL  amplification  promotes  cell  migration  and  invasion 
Earlier  studies  have  implicated  a  role  for  CRKL  in 
epithelial  cell  migration  and  invasion,  with  relevance  to 
metastatic  potential  (Feller,  2001).  We  therefore  sought 
to  evaluate  a  possible  role  of  CRKL  amplification  in  cell 
migration/invasion  in  lung  cancer.  Targeted  knockdown 
of  CRKL  in  amplified  NSCLC  cell  lines  HCC515 
and  HI 8 19  led  to  a  significant  inhibition  of  both  cell 
migration  (Figure  4a)  and  invasion  (Figure  4b),  com¬ 
pared  with  control  siRNA.  Furthermore,  no  such  effect 
was  observed  in  the  lung  cancer  cell  line  HI 57  without 
amplification  (Figures  4a  and  b),  revealing  a  specific 
connection  between  CRKL  amplification  and  cell  migra¬ 
tion  and  invasion.  Co-transfection  of  a  siRNA-resistant 
CRKL  cDNA  (containing  silent  mutations  in  the  siRNA 
target  site)  largely  rescued  CRKL/p-CRKL  levels 


and  invasiveness  of  HI 8 19  cells  (Figure  4c),  further 
confirming  siRNA  targeting  specificity. 

CRKL  overexpression  promotes  growth 
factor  independence 

To  complement  the  RNAi  knockdown  studies,  we  sought 
to  determine  whether  CRKL  overexpression  might  pro¬ 
mote  oncogenic  phenotypes  in  nontumorigenic  lung  epi¬ 
thelial  cells.  HBEC3  (Ramirez  et  al .,  2004)  is  a  human 
bronchial  epithelial  cell  line  immortalized  by  hTERT  and 
Cdk4  (the  latter  bypassing  pl6-associated  growth  arrest), 
and  provides  a  useful  model  for  assessing  the  contribu¬ 
tion  of  lung  cancer  genes  (Sato  et  al .,  2006).  By  retroviral 
transduction,  we  engineered  HBEC3  cells  stably  over¬ 
expressing  CRKL,  though  CRKL  levels  did  not  app¬ 
roach  those  observed  in  CRKL- amplified  NSCLC  lines 
(Figure  5a).  Nonetheless,  overexpression  of  CRKL  in 
HBEC3  cells  significantly  enhanced  growth  factor 
(EGF)-independent  cell  growth  (Figures  5b  and  c). 
However,  CRKL  overexpression  in  HBEC3  was  not 
sufficient  to  promote  cell  invasion  or  anchorage-indepen¬ 
dent  soft  agar  colony  growth  (data  not  shown). 


By  genomic  profiling,  we  have  identified  a  focal  and 
recurrent  amplicon  at  cytoband  22ql  1.21  in  NSCLC  cell 
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Figure  4  CRKL  amplification  potentiates  cell  motility  and  invasion.  siRNA-mediated  knockdown  of  CRKL,  compared  to  control 
siRNA,  results  in  significantly  decreased  cell  counts  for  (a)  migration  and  (b)  invasion  in  cell  lines  with  CRKL  amplification  (HCC515 
and  HI 8 19)  (*P<0.05,  Student’s  t-test).  No  significant  effects  are  seen  in  HI 57,  a  cell  line  without  CRKL  amplification.  Representative 
microphotographs  depicting  cell  migration  and  invasion  (CRKL  siRNA  compared  to  control)  are  shown,  (c)  Rescue  of  siRNA 
knockdown  confirms  targeting  specificity.  HI 8 19  cells  were  co -transfected  with  siRNAs  and  cDNA  expression  vectors  as  indicated, 
and  invasion  was  assayed.  pCMV6-CRKLR  contains  silent  mutations  within  the  siRNA#  1  target  site,  creating  an  siRNA-resistant 
transcript  (see  Materials  and  methods  section).  Western  blot  (Figure)  confirms  knockdown  and  rescue  of  CRKL  and  p-CRKL  levels; 
glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  serves  as  loading  control. 
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Figure  5  CRKL  overexpression  promotes  growth-factor-independent  proliferation,  (a)  Western  blot  confirmation  of  CRKL  and 
p-CRKL  overexpression  in  stably  transduced  HBEC3  cells.  HI 8 19  and  HCC515  lines  provide  a  comparison  for  CRKL- amplified 
levels.  Glyceraldehyde- 3 -phosphate  dehydrogenase  (GAPDH)  serves  as  a  loading  control,  (b)  CRKL  overexpression  leads  to  enhanced 
growth  factor  (EGF)-independent  cell  growth,  measured  by  WST  assay,  (c)  Time  course  confirmation  of  CRKL-promoted  EGF- 
independent  cell  growth  (*P<0.05;  **P<0.01,  Student’s  t-test;  pMSCV-CRKL  compared  to  pMSCV  control). 


lines  and  tumor  samples.  Within  the  amplicon  core, 
CRKL  is  one  of  only  four  genes  that  are  overexpressed 
when  amplified.  Interestingly,  amplification  appears 
even  better  correlated  with  p-CRKL  levels  than  with 
total  CRKL  protein  (Figure  2b),  suggesting  that  amp¬ 
lification  occurs  within  a  genetic  or  cellular  context 
appropriate  for  CRKL  signaling.  RNA  interference 
studies  in  NSCLC  cell  lines  with  22ql  1.21  amplification 
show  a  role  and  functional  dependency  on  CRKL 
amplification  for  tumor  cell  proliferation,  survival  and 
motility/invasion.  Overexpression  studies  in  nontumori- 
genic  HBEC3  cells  also  reveal  a  function  of  CRKL 
in  growth-factor-independent  proliferation,  a  classic 
oncogenic  phenotype  and,  similar  to  that  previously 
reported  for  K-RASV12  expression  and  p53  knockdown 
(Sato  et  al .,  2006).  However,  in  contrast  to  p53 
(knockdown)  and  K-RASV12  (Sato  et  al.,  2006),  CRKL 
alone  (at  least  at  the  expression  levels  achieved) 
appears  insufficient  to  enhance  anchorage-independent 
growth  of  HBEC3  cells.  Further  studies  may  reveal 
possible  cooperative  effects  with  other  lung  cancer 
genes. 

Other  recently  published  genomic  profiling  studies 
using  various  microarray  platforms  have  also  reported 
amplifications  spanning  22ql  1.21  in  NSCLC.  Using 
submegabase  resolution  tiling  BAC  arrays,  Garnis  et  al. 
(2006)  identified  high-level  amplification  at  22ql  1.21 
in  2  of  28  NSCLC  cell  lines  analyzed,  both  of  which 
were  verified  in  our  study.  Using  115K  single  nucleotide 
polymorphism  arrays,  Zhao  et  al.  (2005)  described 
22q  11.21  amplification  in  a  panel  of  lung  cancer  cell 
lines  (including  HCC515,  HCC1359  and  H1819)  and 
primary  lung  tumors.  They  were  able  to  localize  the 
amplicon  to  a  1Mb  region  in  22ql  1.21,  and  suggested 
CRKL  and  PIK4CA  (catalytic  subunit  of  phosphatidy- 
linositol  4-kinase-oc)  (centromeric  to  CRKL ,  and  in  our 
data  set  mapping  outside  the  amplicon  core),  as  possible 
driver  genes.  Interestingly,  they  went  on  to  exclude 
CRKL  as  the  likely  driver  because  its  protein  levels  were 


not  increased  in  cell  lines  with  amplification  (their  data 
not  shown),  a  finding  clearly  discordant  with  ours.  Most 
recently,  Weir  et  al.  (2007)  used  250K  single  nuc¬ 
leotide  polymorphism  arrays  to  survey  371  lung 
adenocarcinomas,  reporting  high-level  amplification  at 
22ql  1.21  in  2.4%  of  tumors,  a  frequency  consistent  with 
our  findings.  However,  from  the  specimens  surveyed 
they  were  only  able  to  narrow  down  the  amplicon  to  an 
~lMb  interval  consisting  about  15  genes.  Our  own 
studies  define  an  ~140  Kb  amplicon  core,  including 
four  genes  that  are  overexpressed  when  amplified. 
Though  our  functional  studies  implicate  CRKL  as  the 
driver,  we  cannot  exclude  the  possibility  that  one  or 
more  of  the  other  three  genes  (SNAP 29,  LZTR1  and 
THAP7 )  contributes,  though  we  note  that  their  known 
functions  do  not  relate  in  obvious  ways  to  carcino¬ 
genesis.  Of  interest,  very  recently,  Luo  et  al.  (2008) 
identified  CRKL  through  a  short-hairpin  RNA  screen  as 
essential  for  cell  proliferation  in  a  subset  of  NSCLC  cell 
lines  studied. 

Our  findings  define  a  role  of  CRKL  amplification  in 
NSCLC  pathogenesis.  CRKL  (Crk-Like)  (ten  Hoeve 
et  al .,  1993)  is  a  member  of  the  human  Crk  adapter 
protein  family,  which  also  includes  two  alternatively 
spliced  isoforms  (CRKI/II)  of  CRK ,  the  cellular  homo- 
logue  of  the  avian  retroviral  v-crk  oncogene  (Feller, 
2001).  CRKL  contains  SH2  and  SH3  domains  that 
mediate  protein-protein  interactions  connecting  tyro- 
sine-phosphorylated  upstream  signaling  components 
(for  example,  pl30CAS,  paxillin,  CBL,  GAB1)  to  down¬ 
stream  effectors  (for  example,  C3G,  DOCK180),  regu¬ 
lating  diverse  cellular  processes  like  cell  adhesion, 
migration  and  immune  cell  responses  (Feller,  2001). 
Early  studies  identified  CRKL  as  a  key  substrate  and 
effector  of  the  BCR-ABL  oncogenic  tyrosine  kinase 
in  chronic  myelogenous  leukemia  (ten  Hoeve  et  al ., 
1994;  Senechal  et  al .,  1996;  Hemmeryckx  et  al .,  2001). 
CRKL  overexpression  was  also  shown  to  activate  Ras 
and  JUN  kinase  (JNK)  signaling  pathways,  and  to 
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transform  Rat-1  (Senechal  et  al .,  1996),  though  not 
NIH-3T3  (de  Jong  et  al .,  1997),  rodent  fibroblasts. 

In  epithelial  cells,  CRKL  has  been  shown  to  poten¬ 
tiate  hepatocyte  growth  factor  (scatter  factor)-induced 
cell  motility  through  protein  complexes  connecting  the 
MET  receptor  tyrosine  kinase  to  downstream  activation 
of  effector  proteins  like  Rapl  and  Rac  (Furge  et  al ., 
2000;  Feller,  2001).  The  connection  to  MET  is 
particularly  intriguing  given  that  MET  is  activated  by 
mutation  or  amplification  in  some  lung  cancers  (Ma 
et  al .,  2003;  Zhao  et  al .,  2005).  In  our  NSCLC  cell  line 
panel,  amplification  of  MET  and  CRKL  was  mutually 
exclusive  (data  not  shown),  consistent  with  their 
function  in  the  same  pathway  (with  CRKL  downstream 
of  MET).  However,  in  preliminary  studies,  whereas 
knockdown  of  CRKL  in  an  NSCLC  cell  line  with  MET 
amplification  (HI 648)  reduced  cell  proliferation  and 
survival,  knockdown  of  MET  in  that  same  cell  line 
reduced  proliferation/survival  (consistent  with  a  recent 
report  (Lutterbach  et  al.,  2007))  but  not  phospho- 
CRKL  levels  (unpublished  findings).  Further  studies  are 
required  to  clarify  the  connection  between  MET  and 
CRKL  in  NSCLCs  with  MET  amplification. 

Although  we  report  here  the  amplification  of  CRKL 
in  lung  cancer,  CRKL  may  have  a  pathogenic  role 
in  other  epithelial  cancers  as  well.  Recently,  Singer  et  al. 
(2006)  described  overexpression  of  phospho-CRKL, 
measured  by  immunohistochemistry,  in  breast,  ovarian 
and  colon  cancer,  as  well  as  lung  cancer,  in  comparison 
with  the  corresponding  normal  tissues.  Our  own  array 
CGH  studies  have  identified  amplifications  spanning 
22q  11.21  in  breast  and  pancreatic  cancers  (Bashyam 
et  al.,  2005;  Bergamaschi  et  al.,  2006).  Further  studies 
are  needed  to  establish  a  functional  role  of  CRKL 
amplification/overexpression  in  these  cancers.  We  also 
note  that  the  related  adapter  CRK  (at  17pl3.3), 
although  occasionally  found  within  broad  low-level 
gains  in  lung  cancer,  is  not  focally  amplified  as  we  have 
found  CRKL. 

A  finding  of  particular  interest  from  our  study  is  that 
the  amplification  of  an  adapter  protein,  functioning 
solely  to  assemble  other  proteins,  promotes  strong 
and  pleiotropic  oncogenic  phenotypes.  Prototypic  onco¬ 
genic  amplifications  include  tyrosine  kinases  ( ERBB2 , 
EGER,  MET),  ras  proteins  (KRAS),  cell-cycle  modula¬ 
tors  ( CCND1 ,  CDK4)  and  transcription  factors  (MYC). 
Although  overexpression  of  SH2/SH3  adapter  proteins 
such  as  GRB2  (Daly  et  al.,  1994),  GRB7  (Stein  et  al., 
1994)  and  GAB2  (Daly  et  al.,  2002)  has  been  implicated 
in  oncogenesis,  and  v-Crk  itself  was  discovered  as  an 
avian  oncogene,  our  findings  now  place  amplification  of 
an  adapter  protein  gene  (CRKL)  as  a  primary  genetic 
event  driving  human  cancer. 

Our  findings  also  underscore  the  potential  of  novel 
therapeutics  targeting  adapter  protein  interactions,  and 
targeting  CRKL  in  lung  cancer  in  particular.  Indeed, 
a  small  molecule  inhibitor  disrupting  interactions  of  the 
GRB2  SH2  domain  has  been  described  (Gay  et  al., 
1999),  and  more  recently  a  peptide  inhibitor  selectively 
targeting  the  CRKL  SH3  domain,  disrupting  its 
interaction  with  BCR-ABL  (Kardinal  et  al.,  2000). 


In  summary,  our  combined  genomic  and  functional 
analysis  defines  a  novel  role  of  CRKL  amplification  in 
lung  carcinogenesis,  potentiating  cell  proliferation, 
growth-factor  independence,  survival  and  migration/ 
invasion,  highlighting  the  oncogenic  role  of  adapter 
proteins  and  suggesting  a  new  point  for  therapeutic 
intervention. 


Lung  cancer  cell  lines  and  tumors 

‘NCI-H’  series  NSCLC  cell  lines,  established  at  the  National 
Cancer  Institute,  and  4HCC’  series  cell  lines,  established  at  the 
Hamon  Center  for  Therapeutic  Oncology  Research,  UT 
Southwestern  Medical  Center  (Dallas,  TX,  USA),  together 
totaling  52  cell  lines,  were  obtained  from  the  latter’s  tissue 
culture  repository  (most  lines  are  currently  available  through 
the  American  Type  Culture  Collection,  Manassas,  VA,  USA). 
For  functional  studies,  we  cultured  cells  in  RPMI  1640 
(Invitrogen,  Carlsbad,  CA,  USA)  with  10%  fetal  bovine 
serum  (FBS,  Hyclone;  Fisher  Scientific,  Pittsburgh,  PA,  USA). 
HBEC3  cells  (Ramirez  et  al.,  2004),  obtained  from  the  same 
repository,  were  grown  in  K-SFM  medium  (Invitrogen) 
containing  50  |ig/ml  bovine  pituitary  extract  (Invitrogen)  with 
5ng/ml  EGF  (Invitrogen).  A  total  of  76  freshly  frozen  lung 
tumors  were  banked  at  the  University  Hospital  Charite,  Berlin, 
Germany,  with  institutional  review  board  approval.  Specimens 
were  verified  by  hematoxylin  and  eosin  staining  to  contain 
at  least  70%  tumor  cells. 

Genomic  and  gene  expression  profiling 

cDNA  microarray-based  genomic  profiling  by  CGH,  and 
mRNA  transcript  profiling,  of  128  lung  cancer  cell  lines  and 
tumors  was  described  in  a  preliminary  report  of  our  study, 
focused  on  the  identification  of  TITF1  amplification  (Kwei 
et  al.,  2008).  cDNA  microarrays  contained  39  632  human 
cDNAs,  representing  22279  mapped  human  genes  and  4230 
additional  mapped  expressed  sequence  tags.  The  complete 
microarray  data  sets  are  available  at  Stanford  Microarray 
Database  (http://smd.stanford.edu)  and  at  the  Gene  Expres¬ 
sion  Omnibus  (accession  GSE9995). 

Micro  array  data  analysis 

Background-subtracted  fluorescence  ratios  were  normalized  by 
mean-centering  genes  for  each  array.  For  array  CGH  analysis, 
we  selected  only  those  genes  whose  Cy3  reference-channel 
fluorescence  signal  intensity  was  at  least  40%  above  back¬ 
ground  in  at  least  50%  of  samples.  Map  positions  for  arrayed 
cDNA  clones  were  assigned  using  the  NCBI  genome  assembly 
(Build  36),  accessed  through  the  UCSC  genome  database 
(Kent  et  al.,  2002).  We  used  the  method  cghFLasso 
(R  package)  to  identify  DNA  gains  and  losses  (Tibshirani 
and  Wang,  2008).  High-level  DNA  amplifications  were  defined 
as  contiguous  regions  called  by  cghFLasso  where  at  least  50% 
of  genes  show  fluorescence  ratios  ^3.  To  detect  associations 
between  DNA  copy  number  alterations  at  distinct  loci,  we 
computed  a  Pearson’s  correlation  between  the  mean  copy 
number  of  a  given  cytoband  and  that  of  all  other  cytobands. 
Statistically  significant  correlations  were  determined  by 
randomly  permuting  cytoband  labels  and  recalculating  corre¬ 
lations  100  times;  a  false  discovery  rate  of  1%  was  used 
to  establish  a  significance  threshold.  For  expression  profiling, 
fluorescence  ratios  were  normalized  for  each  array,  and  then 
well-measured  genes  (fluorescence  intensities  for  the  Cy5 
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or  Cy3  channel  at  least  50%  above  background)  were 
subsequently  mean-centered  (that  is,  reported  for  each  gene 
relative  to  the  mean  ratio  across  all  samples). 

Fluorescence  in  situ  hybridization 

Probe  labeling  and  fluorescence  in  situ  hybridization  were 
performed  using  Vysis  (Downers  Grove,  IL,  USA;  now 
Abott  Molecular)  reagents  according  to  the  manufacturer’s 
protocols.  A  locus-specific  BAC  probe  targeting  CRKL  at 
22ql  1.21  (RP11-1058B20)  (BACPAC  Resources  Center, 

Oakland,  CA,  USA)  was  labeled  with  Spectrum  green-dUTP, 
and  co-hybridized  with  Spectrum  orange-dUTP-labeled 
chromosome  22  telomeric  probe  (TelVysion  22q;  Vysis). 
Chromosomal  locations  of  labeled  BAC  probes  were 
validated  on  metaphase  slides  prepared  from  normal  donors. 
Slides  were  counterstained  with  46-diamidino-2-phenyl 
indole,  and  imaged  using  an  Olympus  BX51  fluorescence 
microscope  with  Applied  Imaging  (San  Jose,  CA,  USA) 
CytoVision  3.0  software. 

siRNA  transfections 

Two  different  siRNAs  targeting  CRKL ,  along  with  a  negative 
control  siRNA  targeting  an  irrelevant  gene,  GFP ,  were  obtai¬ 
ned  from  Qiagen,  Valencia,  CA,  USA.  Complete  siRNA 
sequences  are  provided  (Supplementary  Table  1).  Cell  lines 
were  maintained  at  37  °C  in  complete  media  of  RPMI  1640 
with  10%  FBS  before  transfection.  For  transfection,  80000- 
175  000  cells  were  seeded  per  six- well  plate,  and  transfected 
using  Lipofectamine  2000  reagent  (Invitrogen)  according  to 
the  manufacturer’s  protocol.  Cells  were  transfected  with  a  final 
concentration  of  50  nM  siRNA  for  6h,  and  subsequently 
replaced  with  complete  growth  media. 

Plasmid  constructs 

A  full-length  human  CRKL  cDNA  expression  vector, 
pCMV6/XL4-CRKL,  and  the  parent  vector,  pCMV6/XL4, 
were  purchased  from  OriGene  (Rockville,  MD,  USA). 
A  CRKL  siRNA#  1 -resistant  CRKL  cDNA  was  engineered 
using  the  QuikChange  XL  II  Site-Directed  Mutagenesis  Kit 
(Stratagene,  La  Jolla,  CA,  USA),  with  the  following  muta¬ 
tional  primers:  5'-GGTTGGTGACATCGTGAAGGTGAC 
CCGGAT  GA  AC  ATT  AAT  GGCC  AGT  GGG  AAG-3'  (degen¬ 
erate,  mutated  bases  denoted  by  bold)  and  5'-CTTCCCACT 
GGCCATTAATGTTCATCCGGGTCACCTTCACGATG 
TCACCAACC-3'.  To  generate  HBEC3  cells  stably  over¬ 
expressing  CRKL,  we  created  a  retroviral  expression  vector 
by  PCR-amplifying  full-length  CRKL  cDNA  and  subcloning 
the  product  into  the  Hpal  and  Xhol  restriction  sites  of  the 
vector  pMSCV-Hyg  (Clontech,  Mountain  View,  CA,  USA). 

Viral  transduction  and  stable  selection 

293T  cells  were  transfected  with  either  pMSCV-Hyg  or  pMSCV- 
Hyg-CRKL  together  with  pVpack-VSVG  and  pVpack-GP 
vectors  (Stratagene)  to  generate  replication-defective  retrovirus. 
Viral  supernatants  were  collected  48  h  after  transfection,  and 
used  to  infect  HBEC3  cells,  which  were  subsequently  treated 
with  lOpg/ml  hygromycin  B  (Invitrogen)  for  14  days  for  stable 
selection. 

Western  blot  analysis 

Cells  were  lysed  in  1  x  RIP  A  Lysis  buffer  (Upstate/Chemicon, 
San  Francisco,  CA,  USA)  supplemented  with  1  x  Complete 
Protease  Inhibitor  (Roche,  Indianapolis,  IN,  USA),  0.1  mM 
sodium  orthovanadate,  1  mM  sodium  fluoride  and  1  mM  phe- 
nylmethylsulfonyl  fluoride,  and  protein  was  quantified  using 


the  BCA  assay  (Pierce,  Rockford,  IL,  USA).  For  western 
blot  analysis,  20-30  pg  of  protein  lysate  was  electrophoresed 
on  a  4-15%  Criterion  Tris-HCl  polyacrylamide  gradient  gel 
(Bio-Rad,  Hercules,  CA,  USA)  and  transferred  overnight 
to  a  PVDF  membrane  (Bio-Rad).  After  blocking  in  TBS-T 
buffer  (20  mM  Tris-HCl  (pH  7.4),  0.15  m  NaCl,  0.1%  Tween 
20)  with  5%  dry  milk  for  45  min,  blots  were  incubated  with 
primary  antibody  overnight  (for  phospho  specificity)  at  4  °C  or 
90  min  (for  native)  at  room  temperature.  After  sequential 
washing  steps,  blots  were  incubated  with  horseradish- 
peroxidase-conjugated  secondary  antibody  for  45  min  at  room 
temperature  in  TBS-T  buffer.  The  following  antibodies  were 
used:  phospho-CRKL  Y207  (1:500;  catalogue  no.  3181;  Cell 
Signaling,  Danvers,  MA,  USA),  anti-CRKL  rabbit  polyclonal 
antibody  (1:1000;  catalogue  no.  sc-319;  Santa  Cruz  Biotechno¬ 
logy,  Santa  Cruz,  CA,  USA),  glyceraldehyde-3-phosphate 
dehydrogenase  (GAPDH,  1:5000,  for  loading  control;  Santa 
Cruz  Biotechnology)  and  horseradish-peroxidase-conjugated 
anti-rabbit  IgG  (1:20000;  Pierce). 

Proliferation  assay 

Cell  proliferation  was  quantified  by  WST-1  assay  (Roche), 
a  colorimetric  assay  based  on  the  metabolic  cleavage  of  the 
tetrazolium  salt  WST-1  in  viable  cells,  according  to  the 
manufacturer’s  protocol.  WST-1  reagent  (100  pi)  was  added 
to  1  ml  of  culture  volume  in  six-well  plates  and  incubated  at 
37  °C  for  30  min.  Absorbance  was  then  measured  at  450  nm 
with  reference  to  650  nm  using  a  SpectraMax  190  plate  reader 
(Molecular  Devices,  Sunnyvale,  CA,  USA).  Transfections  were 
performed  in  triplicate  and  average  ( ±  1  s.d.)  OD  reported. 

Cell-cycle  analysis 

Cell-cycle  distribution  analysis  was  performed  by  flow  cyto¬ 
metry  using  the  BrdU-FITC  Flow  kit  (BD  Biosciences,  San 
Jose,  CA,  USA)  per  the  manufacturer’s  instructions.  Cells 
were  incubated  with  10pM  BrdU  at  37  °C  for  5h,  then  fixed 
and  permeabilized  with  Cytofix/Cytoperm  buffer  (BD  Bio¬ 
sciences).  Cellular  DNA  was  treated  with  DNase  at  37  °C  for 
1  h  to  expose  incorporated  BrdU,  then  cells  were  stained  with 
anti-BrdU  fluorescein  isothiocyanate  antibody  to  quantify 
incorporated  BrdU  and  7-aminoactinomycin  D  to  quantify 
total  DNA  content.  A  total  of  15  000  events  were  scored  by 
FACSCalibur  (BD  Biosciences)  flow  cytometer  and  analyzed 
using  CellQuest  software  (BD  Biosciences).  Transfections  were 
performed  in  triplicate  and  average  ( ±  1  s.d.)  cell-cycle 
fractions  were  reported. 

Apoptosis  assay 

Apoptosis  levels  were  assayed  by  Annexin  V  staining, 
quantified  by  flow  cytometry  using  the  Vybrant  Apoptosis 
Assay  kit  2  (Invitrogen)  per  the  manufacturer’s  recommenda¬ 
tions.  Briefly,  floating  and  trypsinized  adherent  cells  were 
pooled  and  resuspended  in  200  pi  1  x  Annexin  binding  buffer. 
One  micro  liter  Alexa  Fluor  488  Annexin  V  and  1  pi  of  100  pg/ 
ml  propidium  iodide  solution  were  added  and  cells  were 
incubated  for  15  min  at  room  temperature.  Cells  were  then 
resuspended  in  equal  volume  of  1  x  Annexin  binding  buffer 
and  analyzed  immediately  by  flow  cytometry.  A  total  of  15  000 
events  were  scored  by  FACSCalibur  and  analyzed  using 
CellQuest  software.  Transfections  were  performed  in  triplicate, 
and  average  ( ±  1  s.d.)  percent  apoptosis  was  reported. 

Invasion  and  migration  assays 

Invasion  and  migration  assays  were  carried  out  using  BD 
Biocoat  (BD  Biosciences)  modified  Boyden  chambers  and 
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control  inserts  with  polyethylene  membrane,  respectively. 
For  invasion  assays,  precoated  filters  (8  pm  pore  size, 
Matrigel  100pg/cm2)  were  rehydrated  with  500  pi  of  complete 
growth  media  (RPMI  1640,  10%  FBS),  then  1  to  5  x  104  cells 
resuspended  in  RPMI  1640  media  with  2%  FBS  were 
seeded  into  the  upper  chamber.  Following  incubation  for 
16-72  h  at  37  °C,  cells  were  fixed  in  10%  buffered  formalin 
and  then  stained  with  crystal  violet.  Migration  assays 
were  performed  similarly  to  invasion  assays,  with  the  exception 
of  using  control  inserts  (with/without  Matrigel  coating)  and 
using  fewer  cells  (1  to  2.5  x  104  cells)  and  shorter  time  points 
(16-48  h).  Noninvaded  (or  migrated)  cells  in  the  upper 
membrane  were  removed  by  swabbing,  and  the  amount 
of  invasion  (or  migration)  was  quantified  by  counting  stained 
cells  on  the  underside  of  the  membrane.  Assays  were 
performed  in  triplicate  and  the  average  ( ±  1  s.d.)  cell  count 
was  reported. 
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Summary.  When  multiple  drugs  are  administered  simultaneously,  investigators  are  often  interested  in 
assessing  whether  the  drug  combinations  are  synergistic,  additive,  or  antagonistic.  Based  on  the  Loewe 
additivity  reference  model,  many  existing  response  surface  models  require  constant  relative  potency  and 
some  of  them  use  a  single  parameter  to  capture  synergy,  additivity,  or  antagonism.  However,  the  assump¬ 
tion  of  constant  relative  potency  is  too  restrictive,  and  these  models  using  a  single  parameter  to  capture 
drug  interaction  are  inadequate  to  describe  the  phenomenon  when  synergy,  additivity,  and  antagonism  are 
interspersed  in  different  regions  of  drug  combinations.  We  propose  a  generalized  response  surface  model 
with  a  function  of  doses  instead  of  one  single  parameter  to  identify  and  quantify  departure  from  additivity. 
The  proposed  model  can  incorporate  varying  relative  potencies  among  multiple  drugs  as  well.  Examples  and 
simulations  are  given  to  demonstrate  that  the  proposed  model  is  effective  in  capturing  different  patterns  of 
drug  interaction. 

Key  WORDS:  Additivity;  Antagonism;  Dose-response  curve;  Dose-response  surface;  Interaction  index; 
Loewe  additivity  model;  Synergy. 


1.  Introduction 

Studies  of  interactions  among  biologically  active  agents,  such 
as  drugs,  carcinogens,  or  environmental  pollutants,  have  be¬ 
come  increasingly  important  in  many  branches  of  biomedical 
research  (Suhnel,  1998).  An  effective  and  accurate  evaluation 
of  drug  interaction  for  in  vitro  and/or  in  vivo  studies  can 
help  to  determine  whether  a  combination  therapy  should  be 
further  investigated  in  clinical  trials. 

The  literature  supports  the  notion  that  the  Loewe  additiv¬ 
ity  model  can  be  considered  as  the  “gold  standard”  to  de¬ 
fine  drug  interactions  (Berenbaum,  1989;  Greco,  Bravo,  and 
Parsons,  1995).  Based  on  the  Loewe  additivity  model,  we  fo¬ 
cus  on  applying  the  response  surface  method  (RSM)  to  study 
drug  interaction.  The  RSM,  which  involves  an  estimation  of 
the  (n  +  1) -dimensional  response  surface  in  n  drug  combi¬ 
nations,  can  take  all  of  the  information  present  in  the  full 
dose-effect  data  set  for  n  drugs  to  give  a  complete  picture  of 
drug  interactions  over  all  possible  drug  combinations.  In  addi¬ 
tion,  the  RSM  can  be  used  to  determine  the  optimal  combina¬ 
tion  therapy.  Many  examples  of  the  RSM  (e.g.,  Finney,  1971; 
Greco,  Park,  and  Rustum,  1990;  Plummer  and  Short,  1990) 
used  a  single  parameter  to  capture  synergy,  additivity,  or  an¬ 
tagonism.  These  approaches  are  valid  if  only  either  synergy, 
additivity,  or  antagonism  exists  throughout  the  whole  sur¬ 
face.  They  are  inadequate  to  describe  the  presence  of  pock¬ 
ets  of  local  synergy  or  local  antagonism  when  they  are  in¬ 
terspersed  in  different  regions  of  drug  combinations.  White 
et  al.  (2004)  proposed  a  nonlinear  mixture  response  surface 
approach  based  on  the  assumption  that  the  combination  doses 


at  each  fixed  ratio  follow  the  median  effect  model  (Chou  and 
Talalay,  1984),  and  the  parameters  in  the  median  effect  model 
are  assumed  to  be  polynomials  of  the  ratio.  The  resulting 
models  capture  synergy,  additivity,  or  antagonism  exclusively 
based  on  the  50%  maximal  effect  isoboles.  However,  at  a  fixed 
ratio,  the  combination  doses  of  two  drugs  do  not  necessarily 
yield  the  same  mode  of  drug  interactions  as  that  at  50%  maxi¬ 
mal  effect.  For  example,  Savelev  et  al.  (2003)  showed  that  the 
combinations  of  1,8-cineole  and  a-pinene  at  the  fixed  ratio 
11:1  are  synergistic  for  higher  combination  doses  and  additive 
for  lower  combination  doses.  To  address  this  issue,  we  propose 
a  generalized  response  surface  (GRS)  model  for  two  drugs.  In¬ 
stead  of  using  one  single  parameter,  we  construct  a  function 
of  the  doses  of  two  drugs  to  capture  synergy,  additivity,  and 
antagonism  without  assuming  any  fixed  patterns  of  drug  in¬ 
teractions.  The  model  contains  a  rich  class  of  dose-response 
relationships  and  allows  the  drug  interaction  patterns  to  be 
determined  by  the  observed  data. 

Before  we  proceed,  let  us  recall  a  widely  used  model  that 
provides  a  dose-response  curve  for  a  single  agent:  Chou  and 
Talalay’s  (1984)  median  effect  equation, 


Here  d  is  the  dose  of  a  drug,  Dm  is  the  median  effective  dose 
of  a  drug,  and  m  is  a  slope  parameter  depicting  the  shape 
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of  the  dose-response  curve.  All  these  dose-response  curves 
can  be  rewritten  as  Y,  a  monotone  function  of  E ,  having  a 
linear  relationship  with  log  d.  For  example,  the  median  effect 
equation  has  the  form 

Y  =  log  -  jL  =  m(log  d  —  log  Dm).  (2) 

All  the  families  described  by  Suhnel  (1998),  excluding  the 
Weibull  family,  can  take  such  form  by  establishing  a  linear  re¬ 
lationship  between  a  monotone  transformation  of  E  and  log  d. 
Tallarida  (2000,  Chapter  2)  pointed  out  that,  in  many  set¬ 
tings,  the  data  points  in  the  mid  range  (say  between  20%  and 
80%  of  the  maximum  effect)  typically  display  a  nearly  linear 
trend  between  the  response  and  the  log  d  when  responses  are 
measured  on  a  continuous  scale.  For  quant al  response  data, 
Finney  (1971)  and  Govindarajulu  (2001)  pointed  out  that  the 
probit-  or  logistic-transformed  response  usually  exhibits  a  lin¬ 
ear  relationship  with  log  d.  Consequently,  we  assume  that  the 
response  or  transformed  response  follows  a  linear  function  of 
log  d  for  each  of  the  two  drugs  when  acting  alone.  Without 
loss  of  generality,  we  denote  the  dose-response  curve  as  Y  — 
So  +  Si  log  d. 

Suhnel  (1998)  explicitly  derived  the  combined  additive  ef¬ 
fect  of  two  drugs  under  the  Loewe  additivity  model  and  made 
the  assumption  that  the  slopes  Si  are  the  same  for  both  drugs. 
Finney  (1971)  proposed  an  additivity  model  for  two  drugs  as 
Y  =  So  E  Si  l°g  (^i  +  pdz)  for  the  combination  dose  (di,  d2), 
where  p  is  the  relative  potency  of  drug  2  versus  drug  1  and  is 
assumed  to  be  a  constant.  The  constant  p  again  implies  that 
the  two  dose-response  curves  have  the  same  slope.  To  con¬ 
struct  a  generalized  model,  we  would  first  loosen  the  parallel 
assumption  by  allowing  a  varying  relative  potency.  Next,  we 
propose  the  use  of  a  quadratic  function  of  two  doses  instead 
of  one  single  parameter  to  depict  different  patterns  of  drug 
interactions.  The  proposed  model  can  be  considered  as  a  gen¬ 
eralization  of  Finney’s  model  (1971)  and  the  model  derived 
by  Plummer  and  Short  (1990).  We  will  describe  our  proposed 
model  in  Section  2,  relate  this  new  model  to  isoboles  and  in¬ 
teraction  indices  in  Section  3,  state  how  to  make  inference  on 
drug  combinations  in  Section  4,  and  give  simulations  and  ex¬ 
amples  to  illustrate  how  the  new  approach  performs  in  Section 
5.  The  last  section  is  devoted  to  discussion. 

2.  Derivation  of  the  Generalized  Response 
Surface  Model 

Recall  the  Loewe  additivity  model  (Loewe  and  Muischnek, 
1926;  Berenbaum,  1989;  Greco  et  al.,  1995) 


where  di,  d2  are  doses  of  drug  1  and  drug  2  in  the  mixture 
eliciting  an  effect  y,  and  Dy ,i  and  Dy,2  are  the  respective  single¬ 
agent  doses  of  drug  1  and  drug  2  that  elicit  the  effect  y.  One 
can  obtain  the  predicted  additive  effect  based  on  the  Loewe 
additivity  model  providing  that  the  dose-effect  curves  for  each 
of  the  two  drugs  are  known.  Suppose  that  the  dose-effect 
curves  are  Fi(Di)  for  drug  1  and  F2(D2)  for  drug  2,  then  the 
predicted  effect,  say  y,  can  be  obtained  by  solving  equation  (3) 
after  replacing  Dy  i  by  F^1(y)  and  Dy,2  by  F^fy),  where  F 
is  the  inverse  function  of  Fi(i  =  1,  2).  If  the  observed  effect 


at  (di,  d2)  is  more  than  or  less  than  the  predicted  effect,  the 
combination  dose  (di,  d2)  is  correspondingly  synergistic  or 
antagonistic. 

Note  that  the  above  additive  equation  (3)  can  be  rewritten 
as 

d\  +  d2  y’  —  Dy,  i.  (4) 

uy,  2 

Denote  as  p(y),  which  is  the  relative  potency  of  drug  2 
versus  drug  1,  meaning  that  1  unit  of  drug  2  has  the  same 
effect  as  p(y)  units  of  drug  1.  Grabovsky  and  Tallarida  (2004) 
addressed  the  issue  that  the  relative  potency  may  vary.  The 
nonparallel  dose-effect  curves  introduced  by  Suhnel  (1998) 
can  also  be  interpreted  as  the  varying  relative  potency.  When 
the  relative  potency  varies,  finding  a  method  to  transform 
the  combination  dose  (di,  d2)  into  the  equivalent  doses  of 
drug  1  or  drug  2  requires  careful  investigation.  In  the  fol¬ 
lowing  derivation,  we  uphold  the  Loewe  additivity  model  re¬ 
gardless  of  the  shape  of  the  dose-effect  curve  associated  with 
each  single  drug.  We  expound  the  interpretation  of  the  vary¬ 
ing  relative  potency,  its  correct  usage,  and  the  relationship  of 
various  quantities  in  equation  (4)  in  the  Appendix.  From  the 
Appendix,  it  follows  that  the  additive  y- isobole  is  a  straight 
line  PQ,  which  connects  P  —  (Dy, i,  0)  and  Q  =  (0,  Dy,2) 
(Figure  1,  panel  A).  Each  drug  combination  (di,  d2)  on  the 
y- isobole  shares  the  same  relative  potency  p(y),  and  its  equiv¬ 
alent  amount  dose  is  d\  +  p{y)d2  in  terms  of  drug  1,  or 
p{y)~ld\  +  d2  in  terms  of  drug  2.  On  the  other  hand,  the 
combination  doses  on  different  additive  isoboles  may  have  dif¬ 
ferent  relative  potencies  as  shown  in  Figure  1,  panel  B. 

In  this  article,  we  construct  a  GRS  model  which  incor¬ 
porates  the  varying  relative  potency.  We  assume  that  the 
log(dose)-response  curves  are  linear.  Without  loss  of  gener¬ 
ality,  the  model  derivation  begins  with  the  assumptions  of 
a  constant  relative  potency  and  a  log(dose)-effect  curve  for 
drug  1: 

Y1=So+SilogDm,  (5) 

Subsequently,  the  predicted  additive  effect  of  the  combination 
can  be  written  as  7  =  So  +  Si  log(di  +  pd2 ),  where  p  is  a 
constant  relative  potency  parameter.  In  order  to  capture  syn¬ 
ergy,  additivity,  or  antagonism,  Finney  (1971,  Section  11.5) 
suggested  a  model  of  the  form 

Y  =  So  P  Si  l°g  (di  +  pd2  +  n(dipd2) 5  ) .  (6) 

Here  the  additional  term  (dipd2)?  is  the  geometric  mean  of 
d\  and  pd2,  and  ft  is  the  synergy- antagonism  parameter  with 
ft  —  0  corresponding  to  additivity,  ft  >  0  to  synergy,  and  ft  < 
0  to  antagonism. 

Plummer  and  Short  (1990)  extended  model  (6)  to  a  case  in 
which  the  relative  potency  p  may  be  varying  while  keeping  the 
same  formulation  as  (6).  Let  us  assume  that  the  log(dose)- 
effect  curve  for  drug  2  is 

Y2  =  O'o  +  O'!  log  Dy2, 2-  (7) 

The  question  is:  what  form  should  the  relative  potency  take 
under  the  log  (dose) -effect  curves  (5)  for  drug  1  and  (7)  for 
drug  2?  Let  Y\  —  Y2  =  y,  we  have  So  +  Si  log-D^i  =  a0  + 
ailogDj,^.  Then,  /3i  log  =  a0  -  A>  +  (<*i  -  A)  log  DVi2- 
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Figure  1.  Relative  potency  and  equivalent  doses.  PQ  is  an  additive  isobole,  P  =  ( Dy p,  0),  Q  =  (0,  Dy, 2).  The  relative 
potency  of  drug  2  versus  drug  1  is  defined  as  p(y)  =  •  Under  additive  assumption  the  effect  at  (di,  d2)  is  the  same  as  the 

effect  of  drug  1  alone  at  d\  +  p(y)d2,  and  also  the  same  as  the  effect  of  drug  2  alone  at  p(y)~1di  +  d2  (panel  A).  Panel  B 
shows  that  given  drug  2  at  dose  d2,  its  equivalent  drug  1  dose  may  change  when  different  amounts  of  drug  1  are  added.  Here 
y  m  Fi(DV:i)  =  F2(Dy,2),  y'  =  F\(di),  and  y"  —  F2(d2).  The  equivalent  amount  of  drug  1  doses  of  d^  at  combination  doses 
(di,  d2 ),  ( d[ ,  d2),  and  (0,  d2)  are  p(y)d2(=  length(RP)),  p(?/)d2  (=length(  VR)),  and  p(y")d2(=length(OT)),  respectively. 


Thus,  the  relative  potency  can  be  written  as  p(y )  #  = 

Uy,  2 

exp(Q;o~i/3°  +  logDyj2).  Introducing  two  parameters 

7i(=  a°^^° )  and  72(=  )?  we  can  write 

P(2/)  =  exp(7l  +  72  log  A^).  (8) 

Here  A, 2  is  the  amount  of  the  drugs  in  terms  of  drug  2,  that 
is,  Dy, 2  =  p(y)_1di  +  d2,  which  produces  the  same  effect  as 
the  combination  (di,  d2)  under  the  additive  assumption.  Note 
that  given  one  of  the  two,  Dy, 2  and  y  are  uniquely  determined, 
so  we  may  suppress  y  to  obtain  the  relative  potency  at  combi¬ 
nation  dose  (di,  d2)  by  solving  p  —  exp  (71  +  y2  log  D2)  subject 
to  D2  =  p~ldi  +  d2. 

Plummer  and  Short’s  model  incorporates  the  varying  rela¬ 
tive  potency.  However,  the  model  is  inadequate  to  describe  the 
phenomena  when  synergy  and  antagonism  are  interspersed  in 
different  regions  of  the  drug  combinations.  To  overcome  this 
limitation,  we  propose  the  GRS  model  of  the  following  form, 

U  =  /3q  +  Pi  log(di  +  pd2  +  / (di,  d2;  7,  ft)(dipd2) 5  )  (9) 

using  /(di,  d2;  7,  F)  to  capture  local  synergy,  local  additivity, 
or  local  antagonism.  In  this  article  we  take 

1  ! 

/ (di,  d2;  7,  k)  =  k0  +  Kidl  +  K2(pd2)  2  +  «3di 

+  K\pd2  +  Av5(dipd2) 5 ,  (10) 

where  /  is  a  function  of  d\  and  d2  with  parameters  7’s  captur¬ 
ing  the  varying  relative  potency  p  as  described  above  and  Fs 
being  the  coefficients  of  the  quadratic  function. 

Our  main  considerations  for  using  the  term 
/(di,  d2;  7,  ft)(dipd2)  2  are:  (i)  the  marginal  dose-effect 
curves  are  easily  obtained  and  are  impacted  as  little  as 
possible  by  this  extra  term,  and  (ii)  the  function  /  can 
have  enough  flexibility  to  capture  the  departure  from  the 
predicted  additivity  effect,  pQ  +  Pi  log  (di  +  pd2).  For  the 
first  consideration,  we  used  the  factor  (dipd2)s,  and  for  the 


second  consideration,  we  adopted  the  complete  quadratic 

1  ! 

form  of  dl  and  (pd2) 2  for  /(di,  d2;  7,  F).  Extensive  search 
and  simulations  show  that  the  proposed  model  parameteri¬ 
zation  is  reasonable  and  appropriate.  One  caveat  is  that  the 
current  parameterization  may  contain  more  parameters  than 
necessary;  therefore,  model  selection  procedures  need  to  be 
developed. 

The  following  equations  demonstrate  how  the  GRS  model 
captures  different  patterns  of  drug  interaction:  for  each  fixed 
effect  level  y,  setting  d^  =  0  in  (9),  we  obtain  Dyp  — 
exp(^~^° );  setting  d\  —  0,  we  obtain  Dy,2  =  p~l  exp( y  ~^° ); 
and  the  combination  dose  (di,  d2)  satisfies  exp( y ~^° )  = 

di  +  pd2  + /(di,d2;7,  «)(dipd2)5.  Dividing  both  sides  by 
exp(y~^° )  and  rearranging  the  equality,  the  interaction  in¬ 
dex,  Ft — b  tv2-,  could  be  written  as 

5  Dy,  1  Dy, 2’ 


Interaction  index 


di  d2 

Dy,  1  Dy,2 


di 


exp 


y-  Pd 

Pi 


p  1  exp 


y-  Pd 
Pi 


_  1  _  /(di,d2;7,^)(dipd2)5 

'y-  Pos 


exp 


Pi 


1  + 


/(d1?  d2;  7,  F)(dipd2)  2 
di  +  pd2 


(11) 


From  (11),  the  polynomial  function  /(di,  d2;  7,  F)  being 
greater  than,  equal  to,  or  less  than  0  corresponds  to  the  in¬ 
teraction  index  being  less  than,  equal  to,  or  greater  than  1, 
and  consequently,  this  combination  is  synergistic,  additive,  or 
antagonistic,  respectively. 
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Figure  2.  Contour  plots  of  the  response  surfaces  (i.e.,  isoboles),  contour  plots  of  the  polynomial  function  /(di,  d2\  7,  k), 
and  contour  plots  of  the  interaction  indices  under  different  parameters.  For  all  panels,  /30  =  0,  /3i  =  —  1.  For  panels  A,  B,  and 
C,  —  0,  1,  and  —0.5,  respectively,  while  71  =72  =  0,  =  0  for  i  —  1, . . . ,  5.  Parameters  in  panel  D  are  the  same  as  in 

panel  A  except  ^3  —  0.5  and  ^4  —  —0.5.  In  panel  E  we  set  71  =  0.1,  72  =  —0.4,  k0  —  0.9,  ^3  =  ^4  =  —0.3,  and  ki  =  — 

=  0. 


3.  Relating  the  GRS  Model  to  Isoboles 
and  Interaction  Indices 

Recall  that  an  isobole  consists  of  all  the  drug  combinations 
which  elicit  the  same  effect  y.  So,  each  curve  in  the  contour 
plot  of  the  response  surface  (9)  can  be  viewed  as  an  isobole.  To 
better  understand  the  proposed  GRS  model,  we  examine  the 
relationship  between  the  contour  plots  of  the  response  surface, 
the  polynomial  function,  and  the  interaction  index.  Chou  and 
Talalay’s  (1984)  median  effect  equation  (2)  is  used  to  model 
the  dose-effect  curve  for  each  single  drug.  We  begin  by  taking 
the  simplest  case  that  the  two  dose-effect  curves  are  the  same 
with  the  slope  being  —1  and  the  median  effective  dose  being 
1,  which  yields  /30  =  71  =  72  =  0,  /3i  =  —  1,  and  p  —  1.  In  this 
special  case  the  relative  potency  is  constant,  and  the  model 


conforms  to  equation  (6).  This  model  can  be  represented  in 
the  GRS  model  (9)  by  taking  =  0  (i  —  1, . . . ,  5)  with  dif¬ 
ferent  values  of  kq  in  /(di,  <^2 ;  7,  k).  In  Figure  2,  panels  A,  B, 
and  C  illustrate  the  cases  for  =  0,  1,  —  0.5,  respectively.  In 
panel  A,  the  contour  plot  of  the  response  surface  shows  that 
the  isoboles  are  straight  lines  (subpanel  Al);  /(di,  d2 ;  7,  k) 
is  a  constant  at  0  (subpanel  A2);  and  the  interaction  index  is 
a  constant  at  1  (subpanel  A3).  All  three  subpanels  indicate 
that  the  combination  doses  are  additive.  In  panel  B,  the  con¬ 
tour  plot  of  the  response  surface  shows  that  the  isoboles  are 
concave  down  (subpanel  Bl);  /(di,  d2;  7,  k)  is  a  constant  at  1 
(subpanel  B2);  and  the  interaction  indices  are  less  than  1  (sub¬ 
panel  B3).  All  three  subpanels  indicate  that  the  combination 
doses  are  synergistic.  Similarly,  subpanel  Cl  shows  that  the 
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isoboles  are  concave  up,  subpanel  C2  shows  f(d\,  <^2 ;  7,  k)  = 
—0.5,  and  subpanel  C3  shows  that  the  interaction  indices  are 
greater  than  1,  indicating  that  the  combination  doses  are  an¬ 
tagonistic.  These  special  cases  of  our  proposed  model  with 
Ki  =  0  (i  =  1, . . . ,  5)  use  a  single  parameter  k0  to  capture  syn¬ 
ergy,  additivity,  or  antagonism  and  they  reduce  to  Finney’s 
model  and  Plummer  and  Short’s  model.  Beyond  these  three 
special  cases,  the  proposed  model  can  be  used  more  broadly, 
in  particular  when  synergy  and  antagonism  appear  in  differ¬ 
ent  combination  doses.  We  construct  a  case  in  panel  D  by 
setting  «o  =  Ki  ?=  k2  =  0,  ^3  =  0.5,  m  —  —0.5,  and  k5  -  0, 
that  is,  f(di,  d2;  7,  k)  =  0.5di  —  0.5 d2.  The  contour  plot  of  the 
response  surface  is  shown  in  subpanel  Dl.  The  contour  plot 
of  the  polynomial  function  forms  straight  lines  at  a  45°  angle 
(subpanel  D2).  The  diagonal  line  0.5di  —  0.5d2  =  0  separates 
the  space  into  two  parts.  In  the  area  below  this  45°  diagonal 
line,  the  polynomial  is  positive  and  the  interaction  index  is 
less  than  1  (subpanel  D3),  indicating  that  the  combination 
doses  in  this  area  are  synergistic.  On  the  other  hand,  in  the 
area  above  this  45°  diagonal  line,  the  polynomial  is  negative 
and  the  interaction  index  is  greater  than  1,  indicating  that  the 
combination  doses  in  this  area  are  antagonistic.  Furthermore, 
to  show  the  varying  relative  potency,  we  set  71  =  0.1,  y2  = 
—0.4  with  kq  —  0.9,  m  —  —0.3,  and  m  —  —0.3  (panel  E).  The 
isobole  with  effect  level  0.25  is  a  straight  line  (subpanel  El), 
the  corresponding  polynomial  is  a  constant  at  0  (subpanel 
E2),  and  the  interaction  index  is  a  constant  at  1  (subpanel 
E3) ,  indicating  that  all  the  combination  doses  on  this  line  are 
additive.  The  isoboles  with  effect  levels  greater  than  0.25  are 
concave  down,  the  corresponding  polynomial  is  positive,  and 
the  interaction  index  is  less  than  1,  indicating  that  the  com¬ 
bination  doses  in  these  regions  are  synergistic.  In  contrast, 
the  isoboles  with  effect  levels  less  than  0.25  are  concave  up, 
the  corresponding  polynomial  is  negative,  and  the  interaction 
index  is  greater  than  1,  indicating  that  the  combination  doses 
in  the  other  areas  are  antagonistic. 

4.  Statistical  Consideration  of  the  GRS  Model 

First  we  may  consider  whether  the  new  model  (9)- (10)  pro¬ 
vides  a  significant  improvement  of  Plummer  and  Short’s 
model  by  testing  H0  :  m  =  m  =  m  =  m  =  ^5  =  0  against 
Hi  :  Ki  ±  0  for  any  i(i  =  1 , . . . ,  5)  using  the  F-statistics 
(Gallant,  1987): 

(RSSp-S  -  RSSfu„ )/g 

RSSMi /(n-p)  1  1 

with  q—  5  and  n  —  p  degrees  of  freedom.  Here  n  is  the  num¬ 
ber  of  observations  and  p  —  10  is  the  number  of  parameters 
in  model  (9)- (10).  RSSfun  is  the  residual  sum  of  squares  of 
our  GRS  model,  and  RSSp_s  is  the  residual  sum  of  squares 
of  Plummer  and  Short’s  model.  Rejecting  H0  suggests  that 
Plummer  and  Short’s  model  does  not  provide  adequate  fit  to 
the  data.  On  the  other  hand,  failing  to  reject  H0  suggests  that 
Plummer  and  Short’s  model  is  sufficient  and  there  is  no  need 
to  add  more  terms  to  the  model.  Note  that  the  F-test  requires 
that  the  responses  on  T-scale  are  normally  distributed.  One 
should  check  the  normality  assumption,  for  example,  apply¬ 
ing  the  Q-Q  plot  to  the  residuals  to  examine  whether  the  as¬ 
sumption  is  reasonable.  If  not,  proper  transformation  should 
be  sought. 


The  true  model  may  include  only  a  few  terms  in  the  GRS 
model  (9)-(10).  To  avoid  overparameterization,  we  remove  the 
unnecessary  terms  by  using  the  Akaike  information  criterion 
(AIC)  (Venables  and  Ripley,  2002)  and  a  backward  elimina¬ 
tion  procedure.  For  the  backward  elimination  procedure,  a 
constraint  is  added  that  no  lower-order  terms  can  be  removed 
until  after  the  corresponding  higher-order  terms  are  removed. 
Here,  AIC  =  -2  x  maximized  log  likelihood  +  2 p,  which  can 
be  written  as  AIC  =  nlog(RSS/n)  +  2p  +  C(n)  under  the 
normality  assumption  for  the  response  Y.  For  a  data  set,  the 
number  of  observations,  n,  remains  constant,  so,  comparing 
AIC  values  under  different  parameterization  is  the  same  as 
comparing  the  sum  of  the  first  two  terms,  which  is  referred 
to  as  AIC  later.  To  remove  the  unnecessary  terms,  we  first 
fit  the  full  model,  calculate  AIC,  and  then  remove  the  pa¬ 
rameter  with  the  smallest  absolute  t-value  among  7,  /3 ,  and 
the  higher-order  terms  of  /Ps  in  /  if  the  parameter  has  a  p- 
value  greater  than  the  level  of  significance  a,  say,  a  =  0.10 
(Hocking,  1976).  We  repeat  the  procedure,  refit  the  reduced 
model,  calculate  the  AIC  for  the  reduced  model,  and  check 
the  t-values  until  either  all  the  remaining  parameters  among 
7,  ft,  and  the  higher-order  terms  /Ps  in  /  have  p- values  smaller 
than  a  or  when  the  AIC  value  increases. 

As  described  in  Section  3,  the  different  patterns  of  drug  in¬ 
teractions  could  be  detected  by  observing  the  sign  and  mag¬ 
nitude  of  the  polynomial  function  f(di,  d2;  7,  k).  Because 
the  parameters  7  and  k  in  the  polynomial  are  estimated, 
their  asymptotic  properties  follow  the  standard  results  from  a 
nonlinear  regression.  For  each  combination  dose  (d\,  d2),  the 
variance  of  the  estimated  polynomial  /(d4,  d2;  7,  k)  can  be 
approximated  by  Varf  =  where 


df 

(df 

df 

df 

df 

df 

df 

df 

df\ 

d(y,K) 

\a7i  ’ 

dy2 

1  dm : 

1  dm 

'dn  3 

’  dm 

’  dK5J 

( df_dp_  df  dp 
f  dp  0'ji  ’  dp  Oy, 


1,  dl ,  (pd2)  ^ ,  d\,pd2,  (dipd2) 2 


*4 d2  +  §K5(^)i,j£  = 


log(d2  +  dip  1).  S 


with  =  |«2(^)2  ,  .v4u,2  ,  2 

p2(d2  +  dip~l)  j  dp_  p2(d2+dip~1) 

p{d2  +  dip-1)  +  72^1  ’  <972  p(d2  +  di/9-1)  +  72di 

is  the  estimated  covariance  matrix  of  the  parameters  (71,  72, 
Ko,  Ki,  k>2,  «3,  ft4,  ^5).  Thus,  we  may  construct  (1  —  a)  x 
100%  lower  and  upper  confidence  surfaces  for  /(d4,  d2;  7,  k): 


fi,u(di,d2)  =  f(di,d2)  =F  q,„-p  ary 

where  ta  __  is  the  upper  §  percentile  of  a  ^-distribution  with 

t  p 

n  —  p  degrees  of  freedom.  The  intercepts  of  the  lower  and  up¬ 
per  confidence  surfaces  of  f(d\,  d2;  7,  k)  with  the  dose  plane 
form  a  bound  which  embraces  the  curve  /(d4,  d2;  7,  k)  = 
0.  The  combination  doses  beyond  the  bound  with  positive 
polynomial  values  are  synergistic.  Conversely,  the  combina¬ 
tion  doses  beyond  the  other  side  of  the  bound  with  negative 
polynomial  values  are  antagonistic.  Inside  the  bound,  the  drug 
combinations  are  considered  additive  because  the  responses 
are  not  significantly  different  from  the  predicted  effect  based 
on  the  additive  model.  When  the  final  model  is  a  subset  of  the 
full  model,  a  similar  approach  can  be  used  to  construct  the 
confidence  bound  for  f(d\,  d2,  7,  k)  =  0  in  the  final  model. 
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Table  1 


Simulation  results  from  fitting  the  full  model  and  the  true  model  with  a  =  0.1 


Parameters 

f(di,  d2 

Set  1 

:;  7,  n)  —  0.5di 

-  0.5 d 

2 

f(di,  d2',  7, 

Set  2 

n)  =  0.9  —  0.3di  —  0.3  pd2 

True  value 

Full  model 

True  model 

True  value 

Full  model 

True  model 

Est. 

SE 

CR 

Est. 

SE 

CR 

Est. 

SE 

CR 

Est. 

SE 

CR 

Po 

0 

0.002 

0.044 

0.950 

0 

0.002 

0.043 

0.957 

Pi 

-1 

-0.999 

0.034 

0.951  - 

-1.000 

0.020 

0.954 

-1.0 

-0.999 

0.033 

0.956 

-0.999 

0.031 

0.959 

71 

0 

0.002 

0.062 

0.957 

0.1 

0.102 

0.062 

0.958 

0.100 

0.041 

0.953 

72 

0 

0.002 

0.046 

0.952 

-0.3 

-0.299 

0.040 

0.955 

-0.299 

0.038 

0.952 

no 

0 

0.003 

0.324 

0.946 

0.9 

0.901 

0.553 

0.953 

0.900 

0.138 

0.949 

«1 

0 

-0.001 

0.478 

0.956 

0 

0.018 

0.577 

0.952 

n2 

0 

0.004 

0.499 

0.942 

0 

0 

0.850 

0.948 

^3 

0.5 

0.515 

0.227 

0.946 

0.502 

0.049 

0.944 

-0.3 

-0.298 

0.195 

0.958 

-0.298 

0.047 

0.945 

-0.5 

-0.500 

0.188 

0.933  - 

-0.500 

0.022 

0.963 

-0.3 

-0.293 

0.366 

0.958 

-0.297 

0.063 

0.955 

0 

-0.013 

0.236 

0.953 

0 

-0.017 

0.312 

0.950 

Est.  =  parameter  estimate;  SE  =  standard  error;  CR  =  coverage  rate. 


In  medical  research  and  its  applications,  the  inferences 
should  be  made  considering  both  clinical  and  statistical  sig¬ 
nificance.  Although  the  above  inferences  on  synergy  and  an¬ 
tagonism  are  primarily  based  on  statistical  significance,  the 
importance  of  clinical  significance,  that  is,  the  magnitude  of 
drug  interaction  to  be  considered  clinically  meaningful,  should 
also  be  considered.  Chou  and  Hayball  (1996)  recommended 
that  the  synergy,  antagonism,  and  additivity  at  a  combina¬ 
tion  dose  should  be  made  based  on  whether  interaction  index 
at  this  combination  is  less  than  0.9,  greater  than  1.1,  or  in 
between.  Our  method  provides  a  more  rigorous  way  to  assess 
statistical  significance  and  also  provides  a  venue  for  gauging 
the  magnitude  of  clinical  significance. 


5.  Simulation  and  Data  Analysis 

5.1  Simulation 

We  performed  simulation  studies  to  examine  the  finite-sample 
properties  of  the  estimates  of  the  proposed  model.  We  took 
two  sets  of  parameters,  as  shown  in  Figure  2,  panel  D  (set  1) 
and  panel  E  (set  2) .  The  corresponding  response  surface  mod¬ 
els  are 


Set  1:  y  =  log^ 

—  —  log(di  -\-  d2 -\-  (0.5di  —  0.5^2)  (d\d2) 2  )  +  e 

1 

Set  2:  y  =  log 

=  —log  (7  +  pd2 

+  (0.9  —  0.3di  —  0.3pd2)(di/9d2)*)  +  e 


with  p  —  exp(0.1  —  0.3  logD2),  where  e  ~  7V(0,  a2).  For  each 
model  we  generated  1000  random  samples  with  a  =  0.1,  and 
d\  and  d2  taking  values  among  (0,  0.1,  0.5,  1,  2,  4).  The  sam¬ 
ple  size  in  each  simulation  run  was  6  x  6  =  36.  We  fitted  each 
random  sample  to  the  full  model  and  then  the  true  model 
(i.e.,  only  fitting  the  nonzero  parameters),  and  obtained  the 
estimated  parameters  and  their  corresponding  standard  errors 


(SE).  For  each  parameter,  we  constructed  the  95%  confidence 
interval  and  observed  whether  the  true  parameter  lies  in  the 
confidence  interval.  We  report  the  averages  of  the  estimated 
parameters,  SE,  and  the  coverage  rate  of  the  confidence  in¬ 
tervals  for  the  1000  random  samples  in  Table  1.  We  conclude 
that  (1)  the  parameters  are  very  well  estimated;  (2)  the  cov¬ 
erage  rates  are  close  to  the  nominal  95%  coverage;  (3)  in  the 
full  model,  the  standard  errors  of  p0,  /?i,  71,  and  72  are  close 
to  half  of  cr(=0.1),  while  the  SE  of  npi  —  0, . . . ,  5)  are  two-  to 
eightfold  of  a.  In  the  true  model,  the  standard  errors  for  /?’ s, 
7’s,  and  aPs  are  all  with  similar  magnitude,  ranging  from  0.020 
to  0.063  with  an  exception  of  in  set  2  (SE  =  0.138).  These 
facts  reflect  that  including  unnecessary  parameters  increases 
the  uncertainty  of  estimating  all  parameters,  especially  those 
in  the  quadratic  function  /.  Therefore,  it  is  important  to  de¬ 
velop  an  appropriate  procedure  to  remove  unnecessary  param¬ 
eters.  A  parsimonious  model  can  increase  the  accuracy  of  the 
estimated  parameters;  hence,  it  provides  a  better  estimator 
for  the  dose-response  relationship. 

We  also  performed  simulated  case  studies  to  examine 
whether  the  estimation  and  the  backward  elimination  proce¬ 
dure  described  in  Section  4  can  recover  the  true  dose-response 
function,  that  is,  all  the  zero  parameters  are  removed,  the  95% 
confidence  bounds  for  f  —  0  have  proper  coverage  rates,  and 
the  contours  of  the  fitted  response  surfaces  are  similar  to  the 
underlying  response  surface.  These  simulations  showed  that 
the  estimation  and  the  backward  elimination  procedure  work 
well  (data  not  shown). 

5.2  Data  Analysis 

We  analyzed  data  sets  from  cell  lines  in  a  study  conducted 
by  Dr.  Reuben  Lotan  and  his  colleagues  at  M.  D.  Anderson 
Cancer  Center.  The  study  aimed  to  evaluate  the  efficacy  of 
combination  therapy  with  two  novel  agents,  SCH66336  and 
4-HPR,  in  a  number  of  squamous  cell  carcinoma  cell  lines 
(unpublished  data).  Cell  lines  of  human  squamous  cell  car¬ 
cinoma  were  treated  with  SCH66336  and  4-HPR  separately 
and  in  combination.  After  6  hours,  the  proportions  of  surviv¬ 
ing  cells  were  calculated.  To  illustrate,  we  present  the  results 
for  the  cell  line  UMSCC22B,  after  treating  with  SCH66336  at 
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Table  2 

Fractions  of  cells  surviving  (UMSCC22B)  treated  by  single 
and  combination  doses  of  SCH66336  and  4-HPR 


SCH66336 
dose  {/i M) 

4-HPR  dose  (/xM) 

0 

0.1 

0.5 

1 

2 

0 

1 

0.7666 

0.5833 

0.5706 

0.4934 

0.1 

0.6701 

0.6539 

0.4767 

0.5171 

0.3923 

0.5 

0.6289 

0.6005 

0.4919 

0.4625 

0.3402 

1 

0.5577 

0.5102 

0.4541 

0.3551 

0.2851 

2 

0.455 

0.4203 

0.3441 

0.3082 

0.2341 

4 

0.3755 

0.3196 

0.2978 

0.2502 

0.1578 

doses  ranging  from  0  to  4  fi M  and  4-HPR  at  doses  ranging 
from  0  to  2  /rM,  alone  and  in  combination,  respectively.  The 
corresponding  fractions  of  cells  surviving  at  each  combination 
dose  are  shown  in  Table  2. 

We  analyzed  these  data  sets  using  different  methods.  We 
calculated  the  interaction  indices  and  their  associated  confi¬ 
dence  intervals  at  the  combination  doses  at  the  fixed  ratio  1:1 
by  first  fitting  the  respective  dose-effect  curves  for  SCH66336 
and  4-HPR.  We  concluded  that  the  combination  doses  (0.1, 
0.1)  and  (0.5,  0.5)  are  additive,  and  the  combination  doses  (1, 
1)  and  (2,  2)  are  synergistic.  The  contour  plot  of  the  raw  data 
is  shown  in  Figure  3,  panel  A.  Based  on  Plummer  and  Short’s 


model,  the  combinations  are  synergistic  ( k  =  2.146  with 
SE  =  1.102).  The  contour  plot,  interaction  indices,  and  resid¬ 
ual  plot  of  the  fitted  response  surface  of  Plummer  and  Short’s 
model  are  shown  in  Figure  3,  panels  Bl,  B2,  and  B3,  re¬ 
spectively.  The  contour  plot  in  panel  Bl  differs  from  the  raw 
data  contour  plot  in  panel  A.  We  fitted  the  data  to  our  pro¬ 
posed  full  model,  and  found  that  the  contour  plot  of  the  fit¬ 
ted  response  surface  (panel  Cl)  is  more  similar  to  the  raw 
data  contour  plot.  The  contour  plot  of  the  polynomial  func¬ 
tion  /(di,  c^2 ;  7,  ft)  is  shown  in  panel  C2,  where  the  dotted 
curve  is  the  upper  boundary  of  the  95%  confidence  bound  for 
/(di,  d2;  7,  ft)  =  0,  and  the  lower  boundary  is  below  the 
illustrated  region.  The  combination  doses  above  the  dotted 
line  are  synergistic.  Panel  C3  shows  the  contour  plot  of  the 
interaction  indices,  and  panel  C4  shows  the  residual  plot  of 
the  full  model.  We  used  the  aforementioned  backward  elimi¬ 
nation  procedure  with  an  order  constraint  to  remove  72,  ft4, 
and  f30  sequentially,  and  the  corresponding  AIC  values  were 
—  106.28,  —106.39,  and  —106.72,  respectively.  The  backward 
elimination  procedure  stopped  when  AIC  increased.  The  re¬ 
sults  of  the  final  model  are  shown  in  panels  D1-D4.  Panel  D2 
shows  that  the  combination  doses  above  the  confidence  bound 
are  synergistic,  inside  the  bound  are  additive,  and  below  the 
bound  are  antagonistic.  The  residual  plots  show  that  the 
full  model  (panel  C4)  and  the  final  model  (panel  D4)  pro¬ 
vide  better  fit  for  the  data  than  Plummer  and  Short’s  model 


A.  Raw  data 


Bl.  Isoboles  (P-S) 


B2.  Inter.  Index 


B3.  Residuals 


Figure  3.  Results  for  cell  line  UMSCC22B:  panel  A  is  the  contour  plot  of  the  raw  data;  panels  B1-B3  show  the  results  from 
Plummer  and  Short’s  model;  panels  C1-C4  show  the  results  from  the  proposed  full  model;  panels  D1-D4  show  the  results 
from  the  final  model.  The  dotted  line  in  panel  C2  is  the  upper  boundary  of  the  95%  confidence  bound  for  /(di,  d2;  7,  ft)  =  0, 
and  the  lower  boundary  is  out  of  the  dose  range.  The  two  dotted  lines  in  panel  D2  are  the  two  boundaries  of  a  95%  confidence 
bound  for  /(di,  d2;  7,  ft)  =  0. 


Response  Surface  Model  for  Drug  Interaction 
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Table  3 


The  estimated  parameters  and  their  standard  errors  of  different  models  for  the  data  set  shown  in  Table  2 


A) 

Pi 

7i 

72 

no 

n2 

ns 

^4 

n5 

RSE 

P-S 

Est. 

0.099 

-0.473 

-0.083 

0.120 

2.146 

0.227 

model 

SE 

0.093 

0.062 

0.292 

0.259 

1.102 

Full 

Est. 

0.088 

-0.354 

-0.339 

0.148 

5.735 

-14.104 

-5.539 

7.114 

5.283 

7.021 

0.143 

model 

SE 

0.064 

0.046 

0.289 

0.242 

3.510 

6.668 

8.230 

3.743 

6.593 

5.446 

Final 

Est. 

-0.384 

-0.575 

3.220 

-12.368 

1.195 

5.492 

8.250 

0.143 

model 

SE 

0.035 

0.212 

2.268 

5.169 

3.672 

2.682 

5.126 

P-S  model  =  Plummer  and  Short’s  model;  Est.  =  parameter  estimate;  SE  =  standard  error;  RSE  =  residual  standard  error. 


(panel  B3).  The  results  from  the  final  model  are  consistent 
with  the  results  achieved  by  directly  calculating  the  interac¬ 
tion  indices  and  their  associated  confidence  intervals. 

In  this  example,  RSSP_s  =  1.238,  RSSfun  =  0.390,  and 
n  —  29  (the  model  automatically  assumed  the  fraction 
of  cell  survival  being  1  at  the  combination  dose  d\  — 
d2  —  0  and  this  observation  did  not  participate  in  the 
calculation).  The  Q-Q  plots  (not  shown)  indicated  that 
the  normality  holds  for  the  responses  on  T-scale,  there¬ 
fore  the  F-test  can  be  carried  out.  The  F-statistic  was 
8.250  with  degrees  of  freedom  (5,  19),  corresponding  to 
p  <  0.003.  Hence,  we  rejected  H0  at  a  =  0.05,  that  is,  the 
new  model  (9)-(10)  provides  a  significant  improvement  of 
Plummer  and  Short’s  model.  The  estimated  parameters  and 
their  standard  errors  for  Plummer  and  Short’s  model,  the  full 
model,  and  the  final  model  are  listed  in  Table  3.  The  resid¬ 
ual  standard  error  (RSE),  which  is  an  estimate  of  cr,  is  shown 
in  the  last  column  in  Table  3  for  each  model.  Figure  3  and 
Table  3  indicate  that  the  final  model  fits  the  data  as  well  as 
the  full  model,  and  the  precisions  on  parameter  estimation  in 
the  final  model  were  improved  over  the  full  model.  We  con¬ 
clude  that  the  proposed  model  and  procedure  work  well  for 
this  data  set. 

6.  Discussion  and  Further  Extension 

One  important  contribution  of  this  article  is  that  the  proposed 
model  can  incorporate  varying  relative  potency.  Although 
varying  relative  potency  has  been  investigated  by  Tallarida 
(2000)  and  Grabovsky  and  Tallarida  (2004),  their  interpre¬ 
tations  resulted  in  inconsistent  predicted  additive  effects  for 
combination  doses  (Jonker  et  ah,  2005).  In  the  Appendix,  we 
expound  a  method  to  correctly  incorporate  varying  relative 
potency  to  predict  the  additive  effect  based  on  the  Loewe  ad¬ 
ditivity  model.  Using  the  proposed  varying  relative  potency 
formulation,  one  can  extend  the  additive  response  surface  for 
k  (k  >  2)  drug  combinations  as  follows: 

Y  =  (30  +  Pi  log(di  +  p2d2  +  •  •  •  Pkdk),  (13) 

where  pi  —  exp(7^0  +  7*1  log  Di)  (i  —  2, . . . ,  k)  is  the  rela¬ 
tive  potency  of  drug  i  versus  drug  1,  and  D\  is  the  amount 
of  drug  1  having  an  equivalent  effect  to  that  of  the  combi¬ 
nation  (di, . . . ,  dk)  under  the  additive  assumption.  Di  can  be 
obtained  by  solving  the  following  equation: 

d\  +  p2d2  +  •  •  •  +  Pkdk  =  D\. 


Here  7^  and  7^  are  uniquely  determined  by  the  two  dose- 
effect  curves  for  drug  1  and  drug  i  (fm  2, . . . ,  k).  The  additive 
response  surface  model  constructed  this  way  is  consistent  with 
the  Loewe  additivity  model. 

In  this  article,  we  assume  that  the  effect  or  transformed  ef¬ 
fect  has  a  linear  relationship  with  log  d.  Although  a  broad  class 
of  dose-effect  models  satisfies  this  assumption,  there  are  still 
some  exceptions.  One  important  exception  is  that  the  logit 
transform  of  the  effect  has  a  linear  relationship  with  the  dose, 
say  log  y^e  —  ao  +  ot\d.  In  that  case,  the  relative  potency  for 
the  two  drugs  is  constant,  and  the  additive  response  for  the 
two  drugs  can  be  predicted  by  log  yfY  —  a$  +  cqdi  +  a2d2 
(Carter  et  ah,  1988).  One  can  still  use  a  quadratic  function  of 
d\  and  d2  to  detect  different  patterns  of  drug  interactions  by 
adding  the  product  of  the  quadratic  function  and  (did2)  2  to 
the  above  model. 

Suhnel  (1990)  used  bivariate  splines  to  fit  dose-response 
data.  The  determination  of  drug  interaction  was  based  on 
the  visualization  of  whether  the  contours  of  the  response  sur¬ 
face  (i.e.,  isoboles)  were  concave  up  or  concave  down.  The 
approach  did  not  give  any  summary  measure  on  drug  inter¬ 
action.  Kelly  and  Rice  (1990)  used  a  monotone  spline-based 
procedure  to  fit  marginal  dose-response  curves  first,  then  pre¬ 
dicted  the  additive  effect  of  the  combination  dose  based  on  the 
Loewe  additivity  model.  Extrapolation  beyond  the  observed 
dose  range  is  dangerous  in  this  spline-based  approach  and, 
therefore,  this  approach  has  limited  usage.  Tan  et  al.  (2003) 
proposed  an  optimal  experimental  design  in  the  sense  that  it 
reduces  the  variability  in  modeling  synergy  while  allocating 
the  doses  to  minimize  the  sample  size  and  to  extract  maxi¬ 
mum  information  on  the  joint  action  of  the  compounds.  The 
method  uses  a  nonparametric  function  to  detect  drug  inter¬ 
actions.  Semiparametric  approaches,  as  the  format  (9)  or  the 
format  given  by  Tan  et  al.  (2003),  which  combine  parametric 
marginal  dose-response  curves  with  a  nonparametric  function 
to  detect  different  patterns  of  drug  interaction,  provide  logical 
extension  to  the  current  model  and  are  appropriate  topics  for 
future  research. 
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Appendix 

Varying  Relative  Potency  and  Its  Application 
Figure  1,  panel  A  shows  that  for  each  fixed  effect  y ,  as  long  as 
the  dose-effect  curves  for  each  drug  are  known,  Dy ,i  and  Dy,2 
will  be  known  and  fixed,  thus  the  relative  potency  defined  by 
is  fixed.  Any  combination  dose  (d\,  d2)  on  the  line  PQ 
connecting  P(=(Dy, i,  0))  and  Q(=(0,  Dy, 2))  has  the  same 
relative  potency,  and  d2  units  of  drug  2  is  equivalent  to  p(y)d2 
units  of  drug  1.  Therefore  the  combination  dose  (d\,  d2)  is 
equivalent  to  d\  +  p(y)d2  units  of  drug  1,  which  is  exactly 
DVj i,  and  the  predicted  effect  is  Fi(di  +  p(y)d2),  which  is 
Fi(Dy,i).  Similarly,  for  any  combination  dose  (d\,  d2)  on  the 
line  PQ,di  units  of  drug  1  is  equivalent  to  p(y)~ld\  units  of 
drug  2,  thus  the  combination  dose  (d\,  d2)  is  equivalent  to 
p(y)~ld\  +  d2  units  of  drug  2,  which  is  Dy, 2.  Consequently, 
the  predicted  effect  is  F2(p~1(y)di  +  d2),  that  is,  F2(Dy,2). 
Hence,  the  predicted  effect  either  by  Fi(d\  +  p(y)d2)  or  by 
F2(p(y)~ld\  +  d2)  is  the  same. 

We  then  pay  special  attention  to  the  fact  that,  for  a  given 
dose  (f  of  drug  2,  its  equivalent  amount  of  drug  1  may  be 
different  depending  on  the  existing  amount  of  drug  1  due 
to  a  varying  relative  potency.  For  example,  suppose  from 
the  two  marginal  dose-effect  curves  we  learn  that  the  ef¬ 
fects  of  drug  1  at  doses  Dy,  i,  d\,  and  Dyn,  1  are  the  same 
as  the  effects  of  drug  2  at  doses  Dy, 2,  Dyr, 2,  and  d2,  respec¬ 
tively.  When  two  drugs  are  used,  the  three  corresponding  ad¬ 
ditive  isoboles  (Figure  1,  panel  B)  are  PQ  connecting  P  = 
(Dy, i,  0)  and  Q  =  (0 ,Dy,2),RS  connecting  R  —  (d\,  0)  and 
S  —  (0,  Dyr, 2),  and  TU  connecting  T  —  (Dyrr,i,  0)  and  U  — 
(0,  d2).  All  the  combinations  on  PQ  share  the  relative  po¬ 
tency  p(y ),  all  the  combinations  on  RS  share  the  relative  po¬ 
tency  p(y' ),  and  all  the  combinations  on  TU  share  the  rela¬ 
tive  potency  p(y").  Thus,  in  terms  of  drug  1  the  equivalent 
dose  of  d2  in  the  combinations  (d\,  d2),  ( d[ ,  d2),  and  (0,  d2) 
will  be  p(y)d2 ,  p(y')d2 ,  and  p(y")d2 ,  which  can  be  illustrated 
by  the  length  of  RP,VR ,  and  OT,  respectively.  Here  y  — 
Fi(Dy,i)  =  F2(Dy,2),  y'  =  F^df),  and  y"  =  F2(d2). 
Grabovsky  and  Tallarida  (2004)  proposed  a  model  to 
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incorporate  the  varying  relative  potency,  but  they  inter¬ 
pret  the  relative  potency  as  p(y")  at  all  three  combinations, 
namely,  (di,  d2 ),  (d{,  d2),  and  (0,  d2).  Consequently,  the  equiv¬ 
alent  amount  of  drug  1  will  be  the  dose  of  drug  1  plus  p(y")d2 
no  matter  the  dose  of  drug  1.  Their  interpretation  may  result 
in  two  inconsistent  additive  effects,  say  i?1(di  +  p(y")d2)  and 


F2(p(y')~1di  +  d2)  (Jonker  et  ah,  2005),  and  curved  additive 
isoboles  (Grabovsky  and  Tallarida,  2004).  Therefore,  their  ap¬ 
proach  is  questionable.  On  the  other  hand,  when  combinations 
of  two  drugs  are  additive  with  varying  relative  potency,  our 
formulation  shows  straight  line  isoboles,  which  are  consistent 
with  the  Loewe  additivity  model. 
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Summary.  When  multiple  drugs  are  administered  simultaneously,  investigators  are  often  interested  in 
assessing  whether  the  drug  combinations  are  synergistic,  additive,  or  antagonistic.  Existing  response  surface 
models  are  not  adequate  to  capture  the  complex  patterns  of  drug  interactions.  We  propose  a  two-component 
semiparametric  response  surface  model  with  a  parametric  function  to  describe  the  additive  effect  of  a 
combination  dose  and  a  nonparametric  function  to  capture  the  departure  from  the  additive  effect.  The 
nonparametric  function  is  estimated  using  the  technique  developed  in  thin  plate  splines,  and  the  pointwise 
bootstrap  confidence  interval  for  this  function  is  constructed.  The  proposed  semiparametric  model  offers  an 
effective  way  of  formulating  the  additive  effect  while  allowing  the  flexibility  of  modeling  a  departure  from 
additivity.  Example  and  simulations  are  given  to  illustrate  that  the  proposed  model  provides  an  excellent 
estimation  for  different  patterns  of  interactions  between  two  drugs. 

Key  WORDS:  Additivity;  Antagonism;  Loewe  additivity  model;  Synergy;  Thin  plate  splines;  Wild  bootstrap. 


1.  Introduction 

Studies  of  interactions  among  biologically  active  agents,  such 
as  drugs,  carcinogens,  or  environmental  pollutants,  have  be¬ 
come  increasingly  important  in  many  branches  of  biomedical 
research.  For  example,  in  cancer  chemotherapy  the  therapeu¬ 
tic  effect  of  many  anticancer  drugs  is  limited  when  they  are 
used  as  a  single  drug  (Kanzawa  et  ah,  1999).  Finding  the 
combination  therapies  with  increasing  treatment  efficacy  and 
reduced  toxicity  is  an  active  and  promising  research  area.  In 
this  article,  we  focus  on  assessing  drug  interactions  for  exper¬ 
iments  performed  in  in  vitro  and/or  in  vivo  studies  to  help 
determine  whether  a  combination  therapy  should  be  further 
investigated  in  a  clinical  trial. 

The  literature  supports  the  notion  that  the  Loewe  additiv¬ 
ity  model  (Berenbaum,  1989;  Greco,  Bravo,  and  Parsons,  1995 
and  references  therein;  Lee  et  ah,  2007)  can  be  considered  as 
the  “gold  standard”  to  define  drug  interactions.  Based  on  the 
Loewe  additivity  model,  the  following  two  approaches  are  of¬ 
ten  used:  (1)  the  marginal  dose-effect  curve  model  method 
(MDECM),  or  (2)  the  response  surface  method  (RSM).  The 
MDECM  (Kelly  and  Rice,  1990)  fits  a  dose-effect  curve  for 
each  single  drug,  uses  the  fitted  dose-effect  curves  to  calculate 
the  expected  additive  effect  to  a  particular  combination,  and 
then  compares  the  expected  additive  effect  to  the  observed  ef¬ 
fect.  The  MDECM  methods  can  only  assess  drug  interactions 
at  observed  combinations,  and  do  not  give  a  complete  pic¬ 
ture  of  drug  interactions  over  all  possible  combination  doses. 
The  RSM  (Greco  et  ah,  1995),  which  involves  an  estimation 


of  the  k  +  1  dimensional  response  surface  in  k  drug  combi¬ 
nations,  can  take  all  of  the  information  present  in  the  full 
dose-effect  data  set  for  k  drugs  to  assess  drug  interactions  at 
all  levels  of  combination  doses.  However,  most  of  the  RSMs 
either  use  a  single  parameter  (e.g.,  Carter  et  ah,  1988)  or  use 
a  50%  maximal  effect  isobole  (White  et  ah,  2004)  to  capture 
synergy,  additivity,  or  antagonism.  These  approaches  are  not 
adequate  to  capture  different  patterns  of  drug  interactions. 

To  overcome  this  limitation,  we  recently  developed  a  para¬ 
metric  response  surface  model  with  a  complete  quadratic 
function  of  combination  doses  to  capture  synergy,  additivity, 
and  antagonism  (Kong  and  Lee,  2006).  Similar  to  many  other 
settings,  these  parametric  models  are  efficient  when  the  model 
assumptions  hold  but  not  necessarily  robust  when  the  as¬ 
sumptions  fail.  Therefore,  our  goal  in  the  article  is  to  develop 
a  semiparametric  model  to  capture  complex  patterns  of  drug 
interactions  and  provide  statistical  inference.  Although  fully 
nonparametric  models  have  been  explored  in  the  literature, 
the  accomplishment  is  quite  limited.  Suhnel  (1990)  used  bi¬ 
variate  splines  to  fit  dose  effect  data.  The  determination  of 
drug  interactions  was  based  on  the  visualization  of  whether 
the  contours  of  the  response  surface  were  concave  up  or  con¬ 
cave  down.  Prichard  and  Shipman  (1990)  proposed  using  the 
differences  of  the  theoretical  additive  surface  and  the  experi¬ 
mental  data  surface  to  reveal  regions  of  synergy  and  antago¬ 
nism.  However,  the  theoretical  additive  surface  was  not  con¬ 
structed  accurately,  and  the  assessment  of  drug  interaction 
was  not  derived  from  a  statistical  point  of  view.  Kelly  and 
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Rice  (1990)  and  Kong  and  Eubank  (2006)  proposed  using  B- 
spline  to  estimate  a  marginal  dose-effect  curve.  However,  the 
fitted  smoothing  curve  cannot  be  extrapolated  beyond  the  ob¬ 
served  range  of  effects  for  each  single  drug.  Thus,  the  additive 
effects  for  those  combination  doses  beyond  the  range  of  the 
effects  produced  by  each  single  drug  cannot  be  modeled.  To 
predict  the  additive  effects  for  all  combination  doses,  our  idea 
in  this  article  is  to  use  parametric  model  to  estimate  dose- 
effect  curve  for  single  drug.  Based  on  the  reasonably  chosen 
parametric  dose-effect  curve  model  and  the  Loewe  additivity 
model,  we  can  estimate  the  theoretical  additive  surface.  Sub¬ 
sequently,  we  use  a  nonparametric  function  to  describe  the 
effect  beyond  the  additive  model.  The  confidence  surfaces  for 
the  nonparametric  function  are  constructed  so  that  the  local 
synergy  or  local  antagonism  can  be  estimated  from  the  sta¬ 
tistical  point  of  view.  This  approach  not  only  combines  the 
idea  used  in  the  MDECM  but  also  incorporates  the  advan¬ 
tages  of  the  RSM.  We  describe  our  model  and  its  estima¬ 
tion  in  Sections  2  and  3,  and  give  a  case  study  in  Section  4 
and  simulations  in  Section  5.  The  last  section  is  devoted  to 
discussion. 

2.  The  Proposed  Model 

Recall  the  Loewe  additivity  model  (Berenbaum,  1989;  Greco 
et  ah,  1995  and  references  therein) 


where  dy  d2  are  doses  of  drugs  1  and  2  in  the  mixture,  y 
is  the  theoretic  additive  effect  at  (dy  d2),  and  Dy ^  and  Dy,2 
are  the  respective  single-agent  doses  of  drugs  1  and  2  that 
elicit  the  effect  y.  The  theoretic  additive  effect  y  at  (di,  d2) 
can  be  predicted  as  long  as  the  dose-effect  curves  for  each  of 
the  two  drugs  are  known.  Denote  the  dose-effect  curves  for 
drugs  1  and  2  used  alone  as  F\(Df)  and  F2(D2),  respectively. 
Then,  the  predicted  additive  effect,  say  y,  can  be  obtained  by 
solving  equation  (1)  after  replacing  Dy ?1  by  Ff1{y)  and  Dy j2 
by  F^1(y),  where  F~l  is  the  inverse  function  of  Fi  ( i  m  1,  2). 
If  the  effect  measured  at  (di,  d2)  is  more  than  or  less  than  the 
predicted  effect,  the  combination  dose  (di,  df)  corresponds  to 
synergy  or  antagonism.  We  denote  the  predicted  effect  at  the 
combination  dose  (di,  d2)  by  i^(dy  d2). 

To  capture  different  patterns  of  drug  interaction,  we  pro¬ 
pose  a  two-component  model  to  describe  the  effect  of  combi¬ 
nation  treatment: 

Y  =  Fp(d1,d2)  +  f(dud2).  (2) 

Please  note  that  in  equation  (2)  and  equations  (3),  (4),  and 
(6)  below,  a  mean  zero  random  error  term  is  suppressed  from 
the  right-hand  side  of  the  model.  Here  /(di,  do)  is  a  function 
that  is  estimated  nonparametrically  to  capture  local  synergy 
and  local  antagonism,  that  is,  drug  effect  beyond  the  addi¬ 
tive  effect.  To  see  this  point,  suppose  the  marginal  dose-effect 
curves  are  decreasing,  then  /(di,  d2)  <  0  implies  that  the  ef¬ 
fect  at  (di,  d2)  is  more  than  the  predicted  effect  Fp(di,  d2), 
thus  the  combination  dose  (di,  df)  is  synergistic.  On  the  other 
hand,  /(di,  d2)  >  0  implies  that  the  effect  at  (di,  d2)  is  less 
than  the  predicted  effect,  thus  the  combination  dose  (di,  d2) 
is  antagonistic.  Contrarily,  in  the  case  of  increasing  marginal 


dose-effect  curves,  /(di,  d2)  >  0  or  /(di,  d2)  <  0  implies  that 
the  combination  dose  (di,  d2)  is  synergistic  or  antagonistic, 
respectively. 

3.  Estimation  for  the  Proposed  Model 

From  this  point  on  we  assume  that  the  observed  data  are 
(dy,  cfc*,  Ei)  for  i  —  1, . . .  ,n.  Here  (dy,  d2i)  (i  =  li , . . ,  n)  is 
the  observed  combination  dose,  and  Ei  (i  =  1  ,...,n)  is  the 
corresponding  observed  effect.  If  the  data  contain  enough  ob¬ 
servations  for  each  drug  when  used  alone,  then,  the  marginal 
dose-effect  curves,  and  subsequently,  predicted  additive  ef¬ 
fects,  may  be  estimated  with  small  error.  The  choices  of  the 
dose-effect  curves  may  be  based  on  the  biology-driven  mech¬ 
anistic  models,  such  as  the  median  effect  model  by  Chou  and 
Talalay  (1984),  if  the  model  provides  adequate  fit.  Once  we 
obtain  an  appropriate  dose-effect  curve  for  each  drug,  the 
predicted  effects  based  on  the  Loewe  additivity  model  can 
be  obtained.  In  the  literature,  two  commonly  used  classes  of 
marginal  dose-effect  curves  are  reported.  We  illustrate  how  to 
obtain  the  predicted  effect  Fp(dy  d2)  under  each  class  in  Sec¬ 
tion  3.1.  Next,  we  can  obtain  the  difference  of  the  observed 
effect  and  the  predicted  effect  at  each  observed  combination 
dose  (dy,  d2i)  ( i  =  1  ,...,n).  Based  on  this  information,  we 
can  then  estimate  the  function  /(dy  d2)  using  the  technique 
described  in  Section  3.2.  To  account  for  the  variability  in  es¬ 
timation,  the  bootstrap  confidence  interval  (Cl)  for  /(dy  d2) 
is  given  in  Section  3.3. 

3.1  Estimation  of  the  Marginal  Dose-Effect  Curves 
and  the  Predicted  Effects 

One  class  of  commonly  used  dose-effect  curves  is  based  upon 
a  linear  relationship  between  the  effect  or  transformed  ef¬ 
fect  and  the  dose  or  concentration.  The  dose-effect  curves 
for  drugs  1  and  2  have  the  following  form: 

Y  —  g(E)  =  flo  +  fliDy^i  for  drug  1,  and 

Y  g(E)  =  f30  +  & A/,2  for  drug  2,  (3) 

where  g(E)  is  a  monotonic  function  of  E,  for  example,  we 
may  take  g(E)  =  log  (Carter  et  ah,  1988).  The  intercepts 
in  (3)  are  assumed  to  be  the  same  because  the  baseline  ef¬ 
fects  without  drugs  (i.e.,  Dy^  —  Dy^  —  0)  should  be  the 
same.  We  refer  to  Y  as  the  transformed  effect.  Based  on  the 
Loewe  additivity  model,  the  predicted  effect  in  T-scale  can 
be  obtained  from  yr  t1\/a  +  tw  f2W/3  —  1  •  The  resulting  pre- 
dieted  additive  response  function  of  the  combination  dose  is, 
then, 

y  —  9(E)  —  Fp(d] ,  d2)  =  /d0  +  fd\d\  +  P2d2.  (4) 

In  application,  we  may  first  regress  g(E)  on  dose  with  the 
observations  of  each  drug  when  used  alone  to  see  whether  the 
fit  is  adequate  and  the  intercepts  of  the  two  regression  lines 
for  the  two  drugs  are  close.  If  so,  we  may  force  the  intercepts 
to  be  the  same  by  regressing  g(E)  on  d\  and  d2  using  only  the 
marginal  data  (i.e.,  the  data  with  d\  —  0  or  d2  =  0).  Thus, 
we  obtain  the  estimates  of  /3q,  /dy  and  /32.  Plugging  these 
estimates  in  equation  (4),  we  obtain  the  theoretic  additive 
effect  Fp(di,  d2)  in  the  transformed  scale  for  each  combination 
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dose  (di,  da).  The  predicted  additive  effect  in  the  original  scale 
at  (di,  ft)  is  obtained  by  the  inverse  transformation 

Edl,d2  =  g~l{Fp(dud2)).  (5) 

Another  class  of  dose-effect  curves  is  based  upon  a  linear 
relationship  between  the  effect  or  transformed  effect  and  the 
log(dose)  or  log(concentration).  This  class  is  very  general  and 
includes  many  families  (Kong  and  Lee,  2006).  We  assume  that 
the  effect  or  transformed  effect  follows  a  linear  function  of 
log(dose)  for  each  of  the  two  drugs  when  acting  alone: 

Y  —  g(E)  =  /3q  +  Pi  log  Dy  i  for  drug  1,  and 

Y  -  g(E)  =  a0  +  cq  log  Zft,2  for  drug  2.  (6) 


The  estimated  function  /(di,  ft)  can  be  obtained  by  mini¬ 
mizing  the  following  penalized  residual  sum  of  squares  (PRSS; 
Green  and  Silverman,  1994): 

n 

PRSS  =  FP(du,  d2i))l{du^okd2i^o}  ~  f(du,d2i))2 

i= 1 

+  A  J(f),  (7) 

where  the  first  term  measures  the  goodness  of  fit,  the  second 
term,  J(f),  measures  the  smoothness  of  the  function  /(di,  d2), 
and  the  smoothing  parameter,  A,  measures  the  tradeoff  be¬ 
tween  the  goodness  of  fit  and  the  smoothness  of  the  function 
/.  The  minimizer  of  PRSS  is  necessarily  a  natural  thin  plate 
spline,  which  can  be  expressed  as  a  linear  combination  of  the 
radial  basis  functions: 


Again  g(E)  is  a  monotonic  function  of  E ,  and  Y  is  the  trans¬ 
formed  effect.  Kong  and  Lee  (2006)  showed  that,  based  on  the 
Loewe  additivity  model,  the  predicted  effect  at  combination 
dose  (di,  d2)  is  Y  =  Fp(ft,  d2)  =  /30  +  ft  log  (ft  +  pft),  where  p 
can  be  obtained  by  solving  p  —  exp(  a°~^°  +  ai~^  log(p-1di  + 

*))•  . . " 

3.2  Estimation  of  /(di,  ft) 

In  the  previous  section,  we  illustrated  how  to  estimate  the 
additive  effect  for  each  combination  dose.  Particularly,  we 
can  estimate  the  additive  effect,  Fp(du,  d2i),  for  each  observed 
combination  dose  (fti?  d2i)  (i  —  1, . . . ,  n).  Then  we  can  easily 
compute  the  difference  of  the  observed  effect  and  the  pre¬ 
dicted  additive  effect,  ft  —  Fp{du,  d2i),  at  each  observed  com¬ 
bination  dose  (ft*,  d2i)  [i  —  1, . . . ,  n),  where  ft  —  g(Ef).  Note 
that  /(di,  ft)  in  (2)  is  used  to  capture  the  departure  from  the 
additive  effect,  which  only  exists  for  nonmarginal  combina¬ 
tion  dose,  that  is,  (di,  ft)  with  d\  ^  0  and  d2  ^  0,  because  by 
definition,  there  is  no  interaction  when  a  drug  is  used  alone. 
Theoretically,  /(di,  ft)  should  be  set  as  zero  whenever  ft  = 
0  or  d2  =  0.  However,  as  far  as  we  know,  in  the  framework 
of  bivariate  splines,  there  are  no  basis  functions  such  that 
their  linear  combination  is  zero  at  (di,  ft)  whenever  d\  =  0 
or  d2  =  0.  In  order  to  estimate  /(di,  ft)  as  close  to  zero  as 
possible  whenever  d\  —  0  or  d2  =  0,  we  force  the  differences 
between  the  observed  and  predicted  effects  at  the  marginal 
observations  to  be  zero.  Thus,  we  define  an  indicator  function 

( 1 ,  if  d\  7^  0  &  d2  7^  0 

l{di#0&d2#0}  =  S 

fO,  Otherwise. 


f(di,d2 )  =  7o  +  7i  di  +  72d2 

K 

+  E'yfer?(ll(dlV2)T  -  Olfc,K2fc)T||),  (8) 

k= 1 

where  the  radial  basis  function 

r](r)  =  -^—r2\ogr2  for  r  >  0, 

167 r 

=  0  for  r  =  0.  (^) 

The  knots,  say,  fti/c,  n2k)T  ft  =  1  ,...,iL),  are  all  the  dis¬ 
tinct  values  among  (fti?  d2i)T  (i  —  1, . . . ,  n),  and  the  distance 
between  two  combination  doses  is  defined  as  the  Euclidean 
distance: 


\(dud2)T  -  (/ti 


■  (<k  -  K2k)2- 


If  we  define  a  K  x  K  matrix  Q  =  [»7(||(«ifc,  K2k)T  ]  — 
(Kifc',K2fc')TH)i<fc,fc'<K  ]>  a  K  x  3  matrix  TT  =  [ l,Klfc, 
K2k]i<k<K,  and  a  vector  v  =  (17, . . .  ,vk)t ,  then  the  minimizer 
of  (7)  satisfies  J(f)  =  vTQv  and  Tv  =  0.  Let  us  denote 


Yr 


[(Yr  -  Fp(dn,d21))l 

{^117^0  ^  ^217^0}  ’  ’ 

(fti  Fp(din,  d2n))l{dln^0&d2n^0}]  5 


X  —  [1 ,  ft*,  fti]i<i<n  G  Rnx 3, 

^  =  [v{\\(d»,d2ir  -  («lfc,K2fc)Tii)1^]1^n  €  r 

and 

7  =  (7o,7i>72)T- 


Then,  we  can  proceed  to  estimate  the  function  /(di,  ft)  based 
on  the  observed  doses  (d^,  d2i)  and  the  estimated  differences 
(ft  Fp{d\i,  d2i))  d2i^}  ^r  i  —  1, . . . ,  n. 

We  use  thin  plate  splines  (Green  and  Silverman,  1994)  to 
represent  /(di,  ft).  The  thin  plate  splines  can  incorporate  ob¬ 
servations  from  any  kind  of  design,  such  as  a  factorial  design, 
ray  design  (Chou  and  Talalay,  1984),  and  a  uniform  design 
(Tan  et  ah,  2003).  We  adopted  the  techniques  developed  in 
a  mixed  effect  model  (Ruppert,  Wand,  and  Carroll,  2003)  to 
select  the  smoothing  parameter  and  to  estimate  the  function 
f{di,  <k)- 


Consider  a  QR  decomposition  of  T1,  say,  TT  =  FG,  where  Fis 
an  K  x  K  orthogonal  matrix  and  G  is  K  x  3  upper  triangular. 
Let  F\  be  the  first  three  columns  and  F2  be  the  remaining  K 
—  3  columns  of  F,  respectively.  Following  the  argument  in 
Green  and  Silverman  (1994,  p.  166),  we  can  show  that  Tv  — 
0  if  and  only  if  v  can  be  expressed  as  F2£,  where  £  is  a  K  —  3 
vector.  Thus  the  minimizer  of  (7)  is  essentially  equivalent  to 
minimizing 

(Yr  -  X7  -  Z1F20t(Yr  -  *7  -  ZxF2V) 

+  A  £TFfnF2£. 


(10) 
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Set  u—  (F2TfiF2)^,  where  (F2T 0F2)  ^  is  the  matrix  square 
root  of  FfQF2  (Ruppert  et  ah,  2003,  p.  329).  Thus  minimizing 
(10)  is  equivalent  to  minimizing 

(Yr  -  x7  -  Zu)t(Yr  -  X1  -  Zu)  +  \uTu,  (11) 

where  Z  —  ZiF2{F2  VtF2)~^ .  Expression  (11)  is  proportional 
to  the  negative  exponential  part  of  the  joint  distribution  of 
Yr  and  u  under  the  following  model  assumption: 

Yr  —  X^f  +  Zu  +  e  with 


where  A  is  replaced  by  o\/ of.  The  solution  of  minimizing  (11) 
is  the  same  as  the  best  linear  unbiased  predictor  (BLUP)  for 
7  and  u  in  the  mixed  model  (12).  This  solution  can  be  written 
as 


(?)  =BLUP(JJ)  =(CtC  +  \D)~1CtYr,  (13) 

with  C  =  [X  Z]  and  D  =  diag  (0,  0,  0,  1, . . . ,  1),  where  the 
number  of  zeros  in  the  matrix  D  corresponds  to  the  number 
of  7j’s  (i  =  0,  1,  2),  and  the  number  of  ones  corresponds  to 
the  number  of  ufs  (i  =  ii . . ,  K  —  3). 

For  any  combination  dose  (di,  do),  if  we  denote  /(di,  d2)  = 
7o  +  'Tidi  +  72^2  +  Z0u  with  Z0  =  [r/{\\(d1,d2)T - 
{Klk,K2k)T\\)}  l<k<KF2  (F^QF2)  3,  then  /(di,d2)=70  + 
7idi  +  y2d2  +  Z0u  is  the  BLUP  for  /(di,  dtf).  Usually  o\  and 
o\  are  unknown,  and  consequently,  A  —  I g2u  is  unknown, 
therefore,  7  and  u  are  unknown.  Let  o\  and  of  be  the 
restricted  maximum  likelihood  estimators  (REML)  of  o\  and 
o\  in  the  mixed  model  (12).  Replacing  A  by  A  =  of /of  in 
(13),  we  can  obtain  the  estimated  BLUP  for  7  and  u,  say  7 
and  ii.  Thus  the  estimated  BLUP  for  /(di,  d2)  is  /(di,d2)  — 
7o  +  7idi  +  72d2  +  Z0u.  Especially,  the  fitted  value  f(du,  d2i) 
(i  =  1, . .  • ,  n))  is  the  zth  component  of  C(CTC  +  A D)~lCTYR. 

To  assess  drug  interactions  from  the  statistical  point  of 
view,  we  need  to  examine  the  variability  of  /(di,d2).  To 
our  knowledge,  it  is  rather  difficult  to  derive  a  theoretic  for¬ 
mula  for  the  variance  of  the  estimated  function  /(di,  d2)  in 
the  framework  of  two-stage  estimation.  Therefore,  we  use  the 
bootstrap  method  (Davison  and  Hinkley,  1997;  Liang,  Hardle, 
and  Sommerfeld,  2000)  to  estimate  the  variance  of  /(di,  d2), 
and  then  construct  the  corresponding  confidence  interval  for 
/(di,  d2)  accordingly. 

3.3  Estimate  the  Variance  of  /(di,  d2)  Using  Bootstrap  Method 
Under  the  semiparametric  framework,  Liang  et  al.  (2000)  pre¬ 
sented  a  bootstrap  approximation  for  a  partially  linear  regres¬ 
sion  model.  However,  in  our  setting,  the  standard  errors  of 
the  residuals  from  estimating  dose-effect  curves  and  from  es¬ 
timating  the  function  /(di,  d 2)  may  be  quite  different.  Hence, 
a  wild  bootstrap  method  (Davison  and  Hinkley,  1997),  which 
can  account  for  the  different  error  structures,  would  be  more 
appropriate.  Instead  of  simply  resampling  the  residuals,  the 
wild  bootstrap  uses  the  product  of  each  residual  and  a  ran¬ 
dom  number  that  has  mean  zero  and  standard  deviation  1; 
thus  the  different  error  structures  can  be  maintained  (Hardle 


and  Marron,  1991,  and  references  therein).  In  addition,  we 
adopted  the  recommendation  by  Davison  and  Hinkley  (1997, 
Section  7.6)  to  reduce  the  biases  in  estimating  the  standard 
error  for  /(ffi,  d2).  We  summarize  the  procedure  as  following: 


Step  1.  Fit  the  model  based  on  the  original  observations,  ob¬ 
tain  f(du,  d2i)  and  A,  where  f(du,  d2i)  is  the  zth  components 

of  c\cTc  +  \D)~lCTYR. 

Step  2.  Obtain  the  residuals  from  the  undersmoothed  estima¬ 
tion  of  /( d\ ,  d2),  that  is,  ei  =  Yi^Fp{du1d2i)- 

/0  5\(du,  d2i).  Here  /05^(dH,d2j)  is  the  zth  component 
of  C[CTC  +  0.5A D)~lCTYR. 

Step  3.  Generate  n  i.i.d.  (independent  and  identically  dis¬ 
tributed)  random  variables  ej; , . . . ,  e*n  with  mean  0  and  vari¬ 
ance  1,  for  example,  e*  =  —  with  probability  and 


e *  —  with  probability  (Hardle  and  Marron,  1991). 

Step  4.  Obtain  the  fitted  value  from  the  oversmoothed  estima¬ 
tion  of  f(di,  d2),  say,  Y*  =  Fp(du ,  d2i)  +  /2^(dH,  d2i)  +  Ge* 
for  i  —  1, ...  ,n.  Here  f2\(du,d2i)  is  the  ith  component  of 
C(CtC  +  2\D)-1CtYr. 


Step  5.  Fit  the  model  using  the  generated  data  ( du ,  d2^, 
Y\)  (i  =  1, . . . ,  n),  and  then  obtain  the  estimated  function 
/*(di,  <k). 

Step  6.  Repeat  step  2  to  step  5  B  (say,  50)  times. 


If  we  denote  the  estimated  /(di,  d2)  in  the  bth  (b  =  1, . . . ,  B) 
iteration  as  f*b  (di,  c^),  the  standard  deviation  for  /(di,  d 2)  will 
be  estimated  by 

sbtB(f(dud2))  =  , 

thus  a  100(1  —  a)%  pointwise  confidence  interval  for  /(di,  d2) 
can  be  constructed  as 

[f(di,  d2)  x  SD  (f{du  d2)) ,  f(du  d2)  + 
x  SD,B (f(dud2))],  (14) 

where  is  the  upper  §  x  100%  percentile  of  the  standard 

t  ^ 

normal  distribution,  and  /(di,d2)  is  the  estimated  BLUP  for 
/(di,  d2)  in  Section  3.2.  Our  case  study  in  Section  4  showed 
that  the  estimated  variance  for  /(di,  d2)  can  account  for  the 
carry-over  errors  from  estimating  the  marginal  dose-effect 
curves.  Our  simulations  given  in  Section  5  showed  that  the 
proposed  bootstrap  CIs  have  good  coverage  properties. 


4.  Case  Study 

Table  1  shows  the  fractions  of  surviving  cells  after  cancer  cells 
from  cell  line  UMSCC22B  were  treated  with  SCH66336,  a  far- 
nesyl  transferase  inhibitor,  and  4-HPR,  a  retinoid,  alone  and 
in  combinations  (data  were  provided  by  Dr  Reuben  Lotan  at 
M.D.  Anderson  Cancer  Center).  Both  agents  have  a  role  in 
producing  apoptosis.  The  objective  was  to  study  the  efficacy 
and  quantify  the  drug  interaction  when  the  two  agents  were 
used  in  combination.  The  experiment  was  conducted  in  six 
trays  as  shown  in  Table  1.  The  cells  were  untreated  (control 
group) ,  or  were  treated  with  single-drug  doses  or  combination 
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Table  1 

Observed  fractions  of  surviving  cells  from  cell  line  UMSCC22B  after  treatment  with  SCH66336  and  4 -HPR 


Tray 

(0, 

0) 

(0.1 

,0) 

(0.5 

,0) 

(1.0 

,  0) 

(2.0 

,  0) 

(4.0 

,0) 

1 

0.422 

0.498 

0.328 

0.345 

0.383 

0.306 

0.255 

0.303 

0.202 

0.235 

0.163 

0.205 

0.473 

0.453 

0.335 

0.336 

0.282 

0.329 

0.297 

0.228 

0.258 

0.229 

0.213 

0.196 

0.491 

0.623 

0.307 

0.346 

0.297 

0.277 

0.296 

0.283 

0.223 

0.209 

0.180 

0.162 

Tray 

(0, 

0) 

(0.1, 

0.1) 

(0.5, 

0.1) 

(1-0, 

0.1) 

(2.0, 

0.1) 

(4.0, 

0.1) 

2 

0.456 

0.513 

0.317 

0.312 

0.303 

0.236 

0.256 

0.212 

0.163 

0.233 

0.133 

0.168 

0.479 

0.458 

0.322 

0.310 

0.234 

0.307 

0.255 

0.213 

0.226 

0.178 

0.121 

0.166 

0.456 

0.429 

0.255 

0.309 

0.262 

0.334 

0.252 

0.236 

0.202 

0.171 

0.149 

0.155 

Tray 

(0, 

0) 

(0.1, 

0.5) 

(0.5, 

0.5) 

(1.0, 

0.5) 

(2.0, 

0.5) 

(4.0, 

0.5) 

3 

0.33 

0.335 

0.187 

0.176 

0.185 

0.175 

0.163 

0.158 

0.133 

0.116 

0.083 

0.108 

0.392 

0.36 

0.176 

0.216 

0.182 

0.221 

0.143 

0.205 

0.151 

0.145 

0.123 

0.108 

0.439 

0.448 

0.168 

0.185 

0.186 

0.194 

0.174 

0.212 

0.134 

0.121 

0.152 

0.118 

Tray 

(0, 

0) 

(0.1, 

1.0) 

(0.5, 

1.0) 

(1.0, 

1.0) 

(2.0, 

1.0) 

(4.0, 

1.0) 

4 

0.358 

0.382 

0.215 

0.215 

0.176 

0.186 

0.145 

0.176 

0.148 

0.108 

0.130 

0.093 

0.361 

0.447 

0.162 

0.222 

0.159 

0.181 

0.107 

0.125 

0.165 

0.07 

0.089 

0.100 

0.431 

0.367 

0.187 

0.212 

0.187 

0.196 

0.134 

0.146 

0.112 

0.120 

0.068 

0.107 

Tray 

(0, 

0) 

(0.1, 

2.0) 

(0.5, 

2.0) 

(1-0, 

2.0) 

(2.0, 

2.0) 

(4.0, 

2.0) 

5 

0.380 

0.386 

0.173 

0.165 

0.165 

0.135 

0.157 

0.113 

0.073 

0.115 

0.066 

0.067 

0.417 

0.409 

0.157 

0.153 

0.140 

0.133 

0.116 

0.114 

0.087 

0.103 

0.051 

0.071 

0.393 

0.411 

0.136 

0.156 

0.127 

0.115 

0.097 

0.086 

0.098 

0.085 

0.075 

0.048 

Tray 

(0, 

0) 

(0,  0.1) 

(0,  0.5) 

(o,  : 

L.0) 

(0G 

2.0) 

6 

0.558 

0.573 

0.515 

0.509 

0.347 

0.396 

0.371 

0.422 

0.332 

0.292 

0.638 

0.619 

0.397 

0.372 

0.407 

0.348 

0.368 

0.209 

0.281 

0.328 

0.569 

0.655 

0.402 

0.574 

0.306 

0.303 

0.338 

0.353 

0.276 

0.273 

doses.  The  fraction  of  surviving  cells  was  recorded.  We  fitted 
the  marginal  data  to  model  (6)  by  taking  g(E)  =  log  E  E _E 
with  Em ax  as  the  mean  of  the  control  group  (solid  curves  in 
Figure  1,  panels  A  and  B),  and  the  model  (3)  with  g(E)  = 
log  (dashed  curves  in  Figure  1,  panels  A  and  B).  In  these 
two  panels,  the  observed  data  are  shown  as  “+”  for  SCH66336 
and  “x”  for  4-HPR,  respectively.  From  the  two  panels,  it 
is  clear  that  model  (6)  fits  the  data  better.  Therefore,  we 
choose  model  (6)  as  the  marginal  dose-effect  curve.  Taking 
Fmax  as  the  mean  of  the  control  group,  fitting  model  (6)  with 
g(E)  =  log  E — —  E  is  equivalent  to  fitting  this  model  with 
g(E)  =  log  and  effect  as  the  surviving  cell  fraction  divided 
by  the  mean  of  the  control.  In  the  following  data  analysis,  the 
effects  will  be  taken  as  the  observed  fractions  of  surviving  cells 
divided  by  the  mean  of  the  corresponding  control  group  in 
each  tray  (c.f.,  Kanzawa  et  al.  [1999]  for  a  similar  procedure). 
Based  on  the  processed  data,  we  obtained  the  two  marginal 
dose-effect  curves:  Y  =  log  y3e  —  0-0973  —  0.3373  log  for 
SCH66336  with  a  residual  error  of  0.2684  (i.e.,  a  =  0.2684), 
and  Y  =  log  yite  ~  0-2303  —  0.4672  log  Dy^  for  4-HPR  with  a 
residual  error  of  0.5618.  Then,  we  can  obtain  the  predicted  ef¬ 
fect  in  the  E-scale  using  the  inverse  transformation  (5;  panel 
E).  The  differences  between  the  observed  effects  and  predicted 
effects  in  logit  scale  versus  SCH66336  doses,  4-HPR  doses, 
and  the  observed  effects  (in  logit  scale)  are  plotted  in  panels 
C,  D,  and  F,  respectively.  Here  the  circles  correspond  to  the 
nonmarginal  data.  Panels  C  and  D  show  that  the  differ¬ 
ences  for  the  lower  combination  doses  are  roughly  centered 


around  zero,  indicating  additivity  of  the  associated  combina¬ 
tion  doses,  and  the  differences  for  the  median  to  large  com¬ 
bination  doses  are  less  than  zero,  indicating  synergy  of  the 
associated  combination  doses.  The  results  indicate  that  the 
additive  model  is  not  adequate  to  explain  the  observed  data. 

Now,  we  proceed  to  estimate  /(di,  d2).  The  estimated  resid¬ 
ual  error  a6  =  0.217  and  the  estimated  smoothing  param¬ 
eter  A  =  0.1326.  The  final  residuals  (i.e.,  Y{  —  Fp(du,  d2i)  — 
f(du,d2i)  for  i  =  1  ,...,n)  versus  the  observed  effects  (i.e., 
Y%  for  i  —  1, . . . ,  n)  are  plotted  in  panel  G,  which  indicates 
that  the  fit  has  improved  compared  to  panel  F  under  the  ad¬ 
ditive  model.  The  contour  plot  of  the  estimated  /(di,  d2)  is 
shown  in  panel  H.  The  95%  pointwise  confidence  surfaces  for 
/(di,  d2)  are  constructed  based  on  the  bootstrap  method  (14). 
The  95%  confidence  bound  for  f(d\,  d2)  m  0  can  be  formed  by 
taking  the  intersection  lines  of  the  upper  and  lower  confidence 
surfaces  with  the  dose  plane.  The  dashed  line  in  panel  H  is 
the  intersection  line  of  the  upper  confidence  surface  based  on 
the  bootstrap  confidence  interval  (14)  with  the  dose  plane. 
From  panel  H,  we  conclude  that  the  combination  doses  above 
the  dashed  line  are  synergistic  (i.e.,  f(d\,  d2)  <  0),  and  the 
combination  doses  below  the  dashed  line  are  additive  (i.e., 
/(di,  d2)  is  not  significantly  different  from  zero).  To  show  the 
contour  plot  of  the  fitted  response  surface  in  the  original  ef¬ 
fect  scale,  we  add  /(di,  d2)  to  the  predicted  effect  surface,  and 
then  use  the  inverse  transformation  (5)  to  obtain  the  fitted 
response  surface  on  the  original  scale  (panel  I).  The  contour 
plot  in  panel  I  based  on  the  model  is  similar  to  the  contour 
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A.  SCH66336  alone  B.  4-HPR  alone  C.  Obs.-Pred.  vs  SCH66336  D.  Obs.-Pred.  vs  4-HPR 


SCH66336  4-HPR  SCH66336  4-HPR 


E.  Add.  resp.  surface  F.  Obs.-Pred.  vs  Obs.  G.  Residuals  vs  Obs. (Final)  H.  Est.  of  f (d  1 ,  d2) 


0  1  2  34  -2  -1  0123  -2  -1  0123  0  1  2  34 

SCH66336  Obs.  (Yo)  Obs.  (Yo)  SCH66336 


I.  Est.  Resp.  Surface  J.  Obs.-Pred.  vs  Obs.  K.  Residuals  vs  Obs. (Final)  L.  Est.  of  f(d1,  d2) 


0  1  2  34  -2  -1  0123  -2  -1  0123  0  1  2  34 

SCH66336  Obs.  (Yo)  Obs.  (Yo)  SCH66336 


M.  Raw  Data  N.  Obs.-Pred.  vs  Obs.  O.  Residuals  vs  Obs. (Final)  P.  Est.  of  f(d1 ,  d2) 


SCH66336  Obs.  (Yo)  Obs.  (Yo)  SCH66336 

Figure  1.  The  results  from  analyzing  the  data  set  derived  from  cell  line  UMSCC22B  treated  with  SCH66336  and  4-HPR. 
Panels  A  and  B  show  the  fitted  dose-effect  curves  for  SCH66336  and  4-HPR,  respectively.  The  solid  lines  are  based  on  model 
(6)  whereas  the  dashed  lines  are  based  on  model  (3).  Panels  C,  D,  and  F  are  the  plots  of  the  differences  between  the  observed 
and  the  predicted  effects  in  logit  scale  versus  the  SCH66336  doses,  the  4-HPR  doses,  and  the  observed  effects,  respectively. 
Panel  E  is  the  contour  plot  of  the  predicted  additive  surface.  Panel  G  is  the  plot  of  the  final  residuals  versus  the  observed 
effects.  Panel  H  is  the  contour  plot  of  the  estimated  f(di,  d2)  along  with  the  intersection  line  of  its  upper  95%  bootstrap 
confidence  surface  based  on  (14)  with  the  dose  plane  shown  in  the  dashed  line.  Panel  I  is  the  contour  plot  of  the  estimated 
response  surface  based  on  the  semiparametric  model.  Panel  M  is  the  contour  plot  of  the  raw  data.  Panels  J,  K,  and  L  are 
results  parallel  to  panels  F,  G,  and  H  but  in  the  case  of  the  decreased  marginal  residuals  (0.4  times  of  the  original  residuals), 
whereas  panels  N,  O,  and  P  are  the  parallel  results  in  the  case  of  the  increased  marginal  residuals  (2.5  times  of  the  original 
residuals) . 
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plot  of  the  raw  data  in  panel  M,  which  indicates  that  the  fit 
is  reasonable. 

Further,  in  order  to  examine  whether  the  proposed  boot¬ 
strap  procedure  can  account  for  the  errors  from  estimating  the 
marginal  dose-effect  curves,  we  performed  additional  analy¬ 
sis  for  our  case  study  by  keeping  the  fitted  marginal  dose- 
effect  curves  the  same  as  above,  while  perturbing  the  residu¬ 
als  of  the  marginal  observations.  In  the  first  case,  we  changed 
the  marginal  observations  (fractions  of  cell  survival  using  one 
agent  alone)  to  yield  the  same  estimated  marginal  dose-effect 
curves  but  with  smaller  residuals  (0.4  times  of  the  original 
residuals).  The  data  for  the  combination  doses  remained  un¬ 
changed.  Under  this  new  setting,  we  estimated  the  predicted 
effects,  and  plotted  the  differences  of  observed  effects  and  pre¬ 
dicted  effects  versus  observed  effect,  in  logit  scale  (panel  J). 
Then  we  estimated  the  function  f(di,  d2),  panel  K  shows  the  fi¬ 
nal  residual  plot,  and  panel  L  shows  the  contour  plot  of  the  es¬ 
timated  /(di,  d^)  along  with  its  95%  confidence  bound  for  f(d\, 
d2)  =  0  based  on  the  bootstrap  method  (14)  in  dashed  line. 
To  compare,  in  the  second  case,  we  increased  the  residuals  by 
2.5-fold  from  estimating  marginal  dose-effect  curves.  Panels 
N,  O,  and  P  are  the  parallel  results  as  panels  J,  K,  and  L,  re¬ 
spectively.  Comparing  the  dashed  lines  in  panels  H,  L,  and  P, 
it  is  clear  that  even  when  the  estimated  marginal  dose-effect 
curves  are  all  the  same,  the  larger  the  estimated  errors  from 
estimating  the  marginal  dose-effect  curves,  the  wider  the  con¬ 
fidence  bound  is.  Note  that  because  the  marginal  dose-effect 
curves  and  the  effects  of  combination  doses  in  the  two  new 
settings  are  the  same  as  the  original  case  study,  the  predicted 
additive  effect  surfaces  as  well  as  the  estimated  /(di,  d2)  would 
remain  the  same.  However,  the  bootstrap  confidence  bounds 
would  account  for  the  errors  from  estimating  the  marginal 
dose-effect  curves.  In  the  next  section,  we  illustrate  that  the 
confidence  interval  based  on  the  bootstrap  method  has  a  cov¬ 
erage  rate  that  is  close  to  the  nominal  coverage  rate  95%. 

5.  Simulation  Studies 

We  use  simulations  to  examine  whether  the  estimation  of 
the  function  /  in  our  semiparametric  model  is  accurate,  and 
whether  the  semiparametric  model  can  detect  different  pat¬ 
terns  of  drug  interactions  successfully. 

To  examine  whether  or  not  the  function  /(di,  d^)  can  be  es¬ 
timated  accurately,  we  generated  data  based  on  the  marginal 
dose-effect  curves  estimated  in  the  previous  studied  case,  but 
take 

f(dud2)  =  -0.2  *  (dlt22)J  (d2  -  1.5 d\  +  4.5 dj  -  2.125),  (15) 

shown  in  Figure  2,  panel  A.  The  construction  of /(di,  d2)  mim¬ 
ics  the  scenario  that  there  are  different  patterns  of  drug  in¬ 
teractions  within  the  same  data.  Note  that  the  shape  of  /(di, 
d2)  chosen  in  the  simulation  studies  here  is  quite  different 
from  the  case  study  presented  in  Section  4.  We  generated  the 
marginal  data  by  adding  the  white  noise  from  N( 0,  aj)  to 
the  “true”  effect  on  the  logit  scale.  Similarly,  we  generated 
the  nonmarginal  data  by  adding  the  white  noise  from  N( 0, 
cr\)  to  the  sum  of  the  additive  effect  and  /(di,  d2),  where  the 
additive  response  surface  is  constructed  based  on  the  underly¬ 
ing  marginal  dose-effect  curves.  We  took  the  same  settings  as 
those  in  the  studied  case  in  Section  4  except  that  we  added  one 
more  dose  level  for  drug  1  at  di  =  3.  Including  dose  0,  there 


were  seven  levels  for  drug  1  and  five  levels  for  drug  2.  The 
sample  size  for  each  sample  is  7  x  5  =  35,  which  includes  6  x 
4  =  24  combination  doses.  For  each  dose  or  combination  dose, 
we  generated  six  replicates  as  were  done  in  the  experiment  ex¬ 
cept  for  di  =  d2  =  0,  the  fraction  of  cell  survival  is  set  to  1. 
We  took  <7 1  =  0.3,  which  lies  between  the  estimated  residual 
errors  for  SCH66336  and  4-HPR,  and  cr2  =  0.217,  which  is  the 
estimated  residual  error  for  /.  We  generated  20  samples,  esti¬ 
mated  /(di,  d2),  and  plotted  the  /(di,d2)  at  each  unique  d \ 
level  (Figure  2,  panel  B1  through  panel  B5).  In  each  panel,  the 
solid  line  is  the  underlying  /(di,  d2)  by  varying  di,  and  the  dot¬ 
ted  lines  are  the  estimated  curves  for  each  of  the  20  samples. 
In  addition,  for  a  particular  sample,  we  estimated  /(di,  d2)  and 
constructed  its  bootstrap  confidence  interval  based  on  (14). 
Figure  2,  panel  C3  through  panel  C5  show  the  underlying 
/(di,  d2)  (solid  line),  the  estimated  /(di,  d2)  (dotted  line),  and 
their  95%  pointwise  bootstrap  confidence  bound  based  on  (14) 
with  B  —  50  (dashed  lines)  for  this  particular  sample.  It  is  ev¬ 
ident  that  the  fitted  curves  are  close  to  the  underlying  curves, 
and  the  bootstrap  confidence  interval  (14)  performs  well. 

To  further  examine  the  performance  of  the  bootstrap  con¬ 
fidence  interval  (14),  and  also  to  examine  whether  the  semi¬ 
parametric  method  can  detect  different  patterns  of  drug  inter¬ 
actions,  we  generated  data  from  the  same  scenario  as  above 
with  /(di,  d2)  shown  in  (15)  and  ran  150  simulated  sam¬ 
ples.  For  each  sample,  we  estimated  the  marginal  dose-effect 
curves,  estimated  the  predicted  additive  effects  and  the  func¬ 
tion  /(di,  <B)  at  (dij,  dzi)  for  i  —  1, . . . ,  n,  and  constructed 
the  95%  bootstrap  confidence  interval  based  on  (14)  with 
B  —  50.  For  each  sample,  we  recorded  (a)  the  estimated 
function  f(du,d2i)  and  the  squared  difference  f(du,d2i)  — 
f(d  u,d2i)(i  =  1, . . . ,  n),  (b)  whether  /(din  d2i)  lies  inside  its 
associated  confidence  interval  (14),  (c)  whether  the  associ¬ 
ated  bootstrap  confidence  interval  (Cl)  contained  zero  (addi¬ 
tivity),  the  lower  limit  of  the  associated  bootstrap  Cl  was 
greater  than  zero  (antagonism),  or  the  upper  limit  of  the 
bootstrap  Cl  was  less  than  zero  (synergy).  Table  2  shows 
the  combination  dose  (di,  d2),  the  underlying  function  /(di, 
d2),  and  the  averages  of  the  above  quantities  over  the  simu¬ 
lated  samples,  which  include  (a)  the  average  of  the  150  es¬ 
timated  /(di,  d2)  (denoted  as  f.ave);  the  mean  squared  error 
(denoted  as  f.mse),  and  the  estimated  variance  based  on  the 
simulated  samples  (denoted  as  f.var),  (b)  the  percentage  of 
counts  of  the  underlying  value  lying  inside  the  bootstrap  con¬ 
fidence  interval  (14;  denoted  as  cr.bci);  (c)  the  percentage  of 
counts  of  the  lower  limit  being  greater  than  zero  (denoted 
as  p.ant),  the  confidence  interval  containing  zero  (denoted  as 
p.add),  and  the  upper  limit  being  less  than  zero  (denoted  as 
p.syn),  indicating  predicted  antagonism,  additivity,  and  syn¬ 
ergy,  respectively.  From  Table  2,  we  conclude  that  (i)  over¬ 
all,  the  averages  of  the  estimated  function  f(d\,  d2)  are  close 
to  the  underlying  function  values,  and  the  mean  square  er¬ 
rors  are  similar  to  the  variance  estimates  except  that  at  the 
combination  dose  (4.0,  0.1)  the  mean  square  error  is  much 
bigger,  indicating  bias  of  the  estimation;  (ii)  the  coverage 
rates  based  on  the  bootstrap  method  (cr.bci)  are  close  to 
the  nominal  coverage  rate  of  95%;  (iii)  when  f(d\,  d2)  >  0, 
the  larger  the  f(di,  d2)  is,  the  higher  the  percentage  (p.ant) 
of  the  lower  limit  of  the  bootstrap  confidence  interval  (14) 
being  greater  than  0,  indicating  the  correct  assessment  of  drug 
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A:  True  f(d1,  d2) 


B1:  Dose2  at  0 


B2:  Dose2  at  0.1 


C3:  Dose2  at  0.5 


C4:  Dose2  at  1 


C5:  Dose2  at  2 


Figure  2.  The  results  from  simulation  studies  presented  in  Section  5.  Panel  A  shows  the  contour  plot  of  the  underlying 
true  function  /(di,  d !2).  Each  panel  of  panels  B1-B5  shows  the  underlying  curve  (solid  lines)  and  the  fitted  curves  (dotted 
lines)  based  on  a  sample  of  35  doses  with  six  replicates  for  each  dose  level  and  20  simulation  runs  under  the  setting  a1  =  0.3 
and  cr2  =  0.217.  Each  panel  of  panels  C3-C5  shows  the  underlying  curve  (solid  lines),  the  fitted  curve  (dotted  line),  and  the 
95%  pointwise  bootstrap  confidence  bound  (dashed  lines)  for  a  particular  sample. 


interaction  as  antagonism  at  (di,  d2);  (iv)  when  /(di,  d2)  < 
0,  the  larger  the  absolute  value  of  /(di,  d2)  is,  the  higher  the 
percentage  (p.syn)  of  the  upper  limit  being  less  than  0,  indi¬ 
cating  the  correct  assessment  of  drug  interaction  as  synergy 
at  (di,  d2);  (v)  when  /(di,  d2)  is  close  to  zero,  the  percentage 
of  the  CIs  containing  zero  (p.add)  is  close  to  95%,  indicating 
the  correct  assessment  of  drug  interaction  as  additivity  at  (di, 
d2).  These  facts  illustrated  that  both  the  estimation  for  the 
model  and  the  constructed  bootstrap  CIs  perform  well. 

6.  Discussion 

The  case  study  in  Section  4  and  the  simulations  in  Section  5 
indicate  that  our  proposed  method  can  be  used  to  successfully 
assess  drug  interaction  even  when  different  patterns  of  drug 
interactions  exist  within  the  same  data.  In  addition,  the  fitted 
dose-response  surface  Ep(di,  d2)  +  /(di,  d2)  gives  an  overall 


picture  of  the  dose-effect  relationship,  which  can  help  us  to 
identify  the  optimal  combination  therapy. 

In  our  two- stage  procedure,  because  both  the  errors  from 
estimating  the  dose-effect  curves  and  the  errors  for  measuring 
the  effects  at  combination  doses  impact  the  precision  of  the 
estimated  /(di,  d2),  in  the  case  that  the  errors  are  large,  further 
efforts,  such  as  better  control  of  experimental  conditions  and 
increasing  the  number  of  replicates  will  be  required  to  improve 
the  assessment  of  drug  interaction.  As  in  any  data  analysis, 
model  fitting  needs  to  be  examined  carefully,  for  example,  by 
plotting  residuals  and  predicted  values  versus  observed  values, 
etc.  Sensitivity  analysis  can  be  done  by  removing  or  down 
weighing  suspected  outliers.  Statistical  inference  should  be 
made  in  conjunction  with  meaningful  biological  evidence  and 
knowledge. 

In  the  semiparametric  model,  we  use  a  function  /  to 
capture  the  patterns  of  drug  interactions.  The  estimated 
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Table  2 


Simulation  results  for  evaluating  mixed  pattern  of  drug  interaction  with  24  combination  doses  and  150  runs  under 

the  setting  <j\  —  0.3  and  a2  =  0.217 


(di,  d2) 

f(di,  d2) 

f.ave 

f.mse 

f.var 

cr.bci 

p.ant 

p.add 

p.syn 

(0.1,  0.1) 

0.101 

0.080 

0.0074 

0.0070 

0.97 

5 

95 

0 

(0.1,  0.5) 

0.113 

0.092 

0.0076 

0.0072 

0.91 

17 

82 

1 

(0.1,  1.0) 

0.078 

0.053 

0.0088 

0.0082 

0.90 

2 

97 

1 

(0.1,  2.0) 

-0.041 

-0.052 

0.0098 

0.0097 

0.95 

1 

93 

6 

(0.5,  0.1) 

0.014 

0.015 

0.0070 

0.0070 

0.97 

1 

97 

2 

(0.5,  0.5) 

-0.035 

-0.039 

0.0083 

0.0083 

0.92 

0 

89 

11 

(0.5,  1.0) 

-0.126 

-0.136 

0.0107 

0.0107 

0.90 

0 

66 

34 

(0.5,  2.0) 

-0.350 

-0.380 

0.0131 

0.0123 

0.92 

0 

15 

85 

(1.0,  0.1) 

-0.110 

-0.093 

0.0073 

0.0071 

0.96 

0 

77 

23 

(1.0,  0.5) 

-0.231 

-0.241 

0.0090 

0.0089 

0.95 

0 

33 

67 

(1.0,  1.0) 

-0.375 

-0.384 

0.0101 

0.0100 

0.95 

0 

3 

97 

(1.0,  2.0) 

-0.684 

-0.690 

0.0120 

0.0120 

0.94 

0 

0 

100 

(2.0,  0.1) 

-0.130 

-0.109 

0.0082 

0.0072 

0.96 

0 

68 

32 

(2.0,  0.5) 

-0.275 

-0.277 

0.0076 

0.0081 

0.97 

0 

28 

72 

(2.0,  1.0) 

-0.446 

-0.452 

0.0081 

0.0129 

0.91 

0 

5 

95 

(2.0,  2.0) 

-0.813 

-0.816 

0.0129 

0.0129 

0.92 

0 

0 

100 

(3.0,  0.1) 

0.300 

0.271 

0.0094 

0.0086 

0.97 

47 

53 

0 

(3.0,  0.5) 

0.360 

0.365 

0.0094 

0.0094 

0.95 

91 

9 

0 

(3.0,  1.0) 

0.296 

0.287 

0.0116 

0.0115 

0.95 

71 

29 

0 

(3.0,  2.0) 

0.039 

0.028 

0.0115 

0.0115 

0.97 

2 

95 

3 

(4.0,  0.1) 

1.276 

1.115 

0.0406 

0.0146 

0.99 

100 

0 

0 

(4.0,  0.5) 

1.814 

1.826 

0.0113 

0.0113 

0.97 

100 

0 

0 

(4.0,  1.0) 

2.015 

2.007 

0.0124 

0.0125 

0.94 

100 

0 

0 

(4.0,  2.0) 

2.060 

2.042 

0.0114 

0.0111 

0.97 

100 

0 

0 

function  /  and  its  95%  confidence  surfaces  can  guide  us  to 
explore  whether  some  parametric  models  are  sufficient  to  de¬ 
scribe  the  data.  If  the  fitted  function  /  and  its  confidence  sur¬ 
faces  indicate  that  the  modes  of  drug  interactions  for  all  com¬ 
bination  doses  are  similar,  a  parametric  model  with  a  single 
parameter  capturing  drug  interaction  may  suffice.  If  the  fit¬ 
ted  function  /  and  its  confidence  surfaces  indicate  that  the 
modes  of  drug  interactions  for  the  combination  doses  at  each 
fixed  ratio  are  unique,  the  parametric  models  based  on  a  50% 
maximal  effect  isobole  may  be  appropriate.  We  advocate  the 
use  of  our  proposed  semiparametric  method  for  model  build¬ 
ing  because  we  typically  do  not  know  the  true  patterns  of 
drug  interactions.  Blindly  using  any  parametric  model  can 
be  dangerous  and  may  lead  to  the  wrong  conclusions  of  drug 
interactions.  In  our  proposed  model,  we  do  not  assume  any 
parametric  patterns  for  /(di,  d2).  The  conclusions  of  drug  in¬ 
teractions  are  based  on  the  estimated  /  and  its  confidence 
surfaces,  which  are  determined  by  the  underlying  data. 

Our  current  model  can  be  extended  in  several  ways.  One  ex¬ 
tension  is  that  we  may  use  nonparametric  dose-effect  curves 
to  describe  the  marginal  dose-effect  relationship.  Then,  we 
can  use  the  same  procedure  to  estimate  the  function  /(di,  d2) 
and  construct  its  confidence  surfaces,  and  assess  drug  inter¬ 
actions  accordingly.  However,  because  the  curves  estimated 
nonparametrically  cannot  be  extrapolated,  larger  range  of 
dose  levels  for  each  single  drug  is  needed  so  that  the  range 
of  effects  from  each  single  drug  covers  the  range  of  the  effect 
for  the  combination  doses  so  that  the  additive  effect  can  be 
estimated  for  each  combination  dose  (Kelly  and  Rice,  1990). 

Another  extension  of  the  current  model  is  that  the  two- 
stage  model  can  be  extended  to  assess  multiple  drug  interac¬ 
tions  (say,  k  >  2  drugs).  The  predicted  additive  effect  can  be 


obtained  from  H - b  y  =  1?  and  /(^i,  •  •  • ,  dk) 

can  be  estimated  by  using  high-dimensional  thin  plate  spline 
(Green  and  Silverman,  1994). 

In  the  current  setting,  we  first  estimate  the  parameter’s 
/3’s,  and  then  estimate  /(di,  d2).  Here  /(di,  d2)  is  used  to 
characterize  drug  interaction,  which  should  be  zero  when¬ 
ever  di  =  0  or  d2  —  0.  Currently,  we  forced  the  difference 
between  observed  effect  and  predicted  additive  effect  to  be 
zero  for  each  marginal  dose  so  that  the  estimated  /(di,  d2) 
could  be  as  close  to  zero  as  possible.  However,  it  will  be 
beneficial  to  research  how  this  constraint  could  be  trans¬ 
ferred  to  the  constraint  on  y’s  and  Ps.  In  addition,  whether 
and  how  to  estimate  /?’ s  and  /(di,  d2)  simultaneously  may 
be  further  investigated.  We  may  also  consider  formulating 
the  response  surface  model  in  a  different  manner,  such  that 
Y  =  A)  +  A  log(di  +  pd2  +  /(di,  d2)(dipd2)  2 )  (Kong  and  Lee, 
2006).  In  that  setting,  /3’s  and  /(di,  d2)  may  be  estimated 
simultaneously.  But  how  to  estimate  them  remains  a  very 
challenging  and  interesting  problem.  Last  but  not  the  least, 
further  research  is  needed  to  develop  the  theoretical  proper¬ 
ties  of  the  bootstrap  method  for  constructing  the  confidence 
interval  for  /(di,  d2)  in  the  current  setting. 

7.  Supplementary  Materials 

The  data  and  S-PLUS  are  available  under  the  Paper  In¬ 
formation  link  at  the  Biometrics  website  http://www. 
biometrics . tibs . org . 
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Abstract 

Increasing  evidence  has  demonstrated  that  the  phosphatidylinositol-3  kinase  (PI3K)/Akt  signaling  pathway  plays  an  important  role  in 
cell  proliferation,  apoptosis,  angiogenesis,  adhesion,  invasion,  and  migration,  functions  that  are  critical  to  cancer  cell  survival  and 
metastasis.  Increased  expression  of  activated  Akt  has  been  observed  in  the  early  stages  of  tobacco-induced  lung  carcinogenesis.  Moreover, 
blocking  the  PI3K/Akt  pathway  specifically  inhibits  the  proliferation  of  non- small  cell  lung  cancer  (NSCLC)  cells,  indicating  that  the 
PI3K/Akt  pathway  is  a  potential  target  for  chemoprevention  and  therapy  in  lung  cancer.  The  aim  of  this  work  is  to  study  the  lung  cancer 
chemopreventive  potential  of  PI3K/Akt  inhibitors  using  an  in  vitro  lung  carcinogenesis  model.  We  found  that  genetic  or  pharmacologic 
approaches  targeting  the  PI3K/Akt  pathway  inhibited  the  proliferation  of  premalignant  and  malignant  human  bronchial  epithelial  (HBE) 
cells.  After  screening  several  natural  products  to  identify  a  potential  lung  cancer  chemopreventive  agent,  we  have  found  that  deguelin,  a 
rotenoid  isolated  from  Mundulea  sericea  (Leguminosae),  specifically  inhibits  the  growth  of  transformed  HBE  and  NSCLC  cells  by 
inducing  cell-cycle  arrest  in  the  G2/M  phase  and  apoptosis,  with  no  detectable  toxic  effects  on  normal  HBE  cells,  most  likely  due  to  the 
agent’s  ability  to  inhibit  PI3K/Akt-mediated  signaling  pathways.  The  specific  sensitivity  of  premalignant  and  malignant  HBE  and  NSCLC 
cells  to  deguelin  suggests  that  this  drug  could  be  clinically  useful  for  chemoprevention  in  early-stage  lung  carcinogenesis  and  for  therapy 
in  confirmed  lung  cancer. 

©  2004  Elsevier  Inc.  All  rights  reserved. 
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1.  Introduction 

Despite  recent  advances  in  radiotherapy  and  chemother¬ 
apy,  the  severe  morbidity  from  lung  cancer  and  the  low 
5 -year  survival  rates  have  improved  modestly  and  lung 
cancer  remains  the  primary  cause  of  cancer-related  deaths 
in  both  men  and  women  in  the  United  States  [1].  Cancer 
chemoprevention  is  therefore  a  logical  strategy  to  help 
alleviate  this  disease.  However,  all  trials  of  lung  cancer 
chemoprevention  agents  performed  in  the  United  States 
and  Europe  have  been  unsuccessful  to  date  [2].  Most  of 


Abbreviations:  HBE,  human  bronchial  epithelial;  IGF-1,  insulin-like 
growth  factor- 1;  MAPK,  mitogen-activated  protein  kinase;  MEK,  MAPK/ 
extracellular  signal-regulated  kinase  (ERK)  kinase;  NHBE,  normal  human 
bronchial  epithelial;  NSCLC,  non-small  cell  lung  cancer;  PI3K,  phospha- 
tidylinositol-3  kinase;  PKB,  protein  kinase  B;  TGF,  transforming  growth 
factor;  TK,  tyrosine  kinase 
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these  trials  examined  the  chemopreventive  efficacy  of 
retinoid-based  regimens,  indicating  the  need  to  develop 
novel  chemopreventive  approaches  for  lung  cancer. 
Because  exposure  to  cigarette  smoke  confers  the  greatest 
risk,  with  approximately  90%  of  all  lung  cancers  occurring 
in  smokers,  smoking-cessation  campaigns  have  been  a 
major  focus  of  effort  to  prevent  the  disease.  However, 
approximately  25%  of  adults  in  the  United  States  continue 
to  smoke  cigarettes  [3].  Furthermore,  the  risk  of  lung 
cancer  does  not  diminish  during  the  first  5  years  after 
smoking  cessation  and  remains  higher  among  former 
smokers  than  among  people  who  have  never  smoked 
[3].  Additional  preventive  strategies  for  former  and  current 
smokers  are  therefore  needed. 

It  is  known  that  the  metabolites  of  tobacco  carcinogens 
such  as  4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone 
(NNK)  and  polyaromatic  hydrocarbons  induce  DNA  muta¬ 
tions  in  tumor  suppressor  genes  and  oncogenes  [4].  Cells 
with  mutated  DNA  are  normally  removed  via  apoptosis 
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[4];  however,  if  the  survival  pathway  is  active,  cells  with 
damaged  DNA  persist,  resulting  in  loss  of  growth  control 
and,  ultimately,  lung  cancer  formation.  On  the  basis  of  this 
notion,  we  have  investigated  novel  agents  targeting  signal¬ 
ing  mechanisms  that  play  an  important  role  in  survival  of 
premalignant  and  malignant  human  bronchial  epithelial 
(HBE)  cells  as  well  as  lung  cancer  cells.  This  commentary 
presents  evidence  that  the  PI3K/Akt  pathway  plays  a 
central  role  in  the  proliferation  and  survival  of  preneoplas¬ 
tic  cells  and  that  deguelin,  a  natural  product,  inhibits  Akt 
activation  and  has  potential  as  a  novel  chemopreventive 
agent  in  lung  cancer. 

2.  Activation  of  the  PI3K/Akt  signaling  pathway 
and  biological  effects  of  Akt  activation 

Growing  evidence  has  demonstrated  that  a  receptor 
signaling  system  mediated  by  receptor  and  nonreceptor 
tyrosine  kinase  (TK)  plays  a  critical  role  in  cellular  pro¬ 
liferation  and  survival  and  in  the  inhibition  of  apoptosis  [5]. 
Signaling  by  receptor  TK  requires  ligand-induced  receptor 
oligomerization,  which  results  in  tyrosine  autophosphor¬ 
ylation  of  the  receptor  subunits  that  mediate  the  specific 
binding  of  cytoplasmic  signaling  proteins  containing  Src 
homology-2  and  protein  tyrosine-binding  domains,  such  as 
Grb2,  She,  IRS,  Src,  RasGAP,  SHP-1,  and  PI3K  [6].  Strict 
regulation  of  TK  activity  controls  cell-cycle  progression 
and  cell  proliferation,  differentiation,  motility,  and  survival 
[5-7].  Therefore,  overexpression  of  receptor  TK,  ligand,  or 
both  could  lead  to  deregulated  TK-mediated  signaling, 
resulting  in  the  imbalance  between  the  rates  of  cell-cycle 
progression  (cell  division)  and  cell  growth  (cell  mass)  on 
the  one  hand  and  programmed  cell  death  (apoptosis)  on  the 
other  that  is  characteristic  of  all  neoplasms  [8].  Two 
distinct  signal  transduction  pathways,  PI3K/Akt  and 
Ras/Raf/MAPK,  are  crucial  effectors  in  oncogenic  TK 
signaling  [8,9].  RTKs  can  also  activate  PI3K  indirectly 
through  Ras,  which  can  bind  and  activate  the  pi  10  subunit 
[9],  indicating  a  cross-talk  between  these  two  signaling 
pathways. 

The  PI3K/Akt  pathway  has  been  involved  in  several 
types  of  carcinogenesis.  Findings  from  in  vitro  models 
indicate  that  activation  of  the  PI3K/Akt  pathway  is  suffi¬ 
cient  to  induce  malignant  transformation  of  human  cells 
[10,11].  PIK3CA,  which  encodes  pi  10a,  has  been  ampli¬ 
fied  in  human  ovarian  cancer  cell  lines  [12].  A  partially 
transformed  phenotype  has  been  demonstrated  in  mam¬ 
malian  fibroblasts  transfected  with  the  constitutively  active 
form  of  pi  10a  [13].  Moreover,  an  oncogenic  mutant  of  p85 
that  can,  in  collaboration  with  the  \-raf  oncogene,  trans¬ 
form  mammalian  fibroblasts  has  been  isolated  [14].  The 
transforming  activity  of  PI3K  is  associated  with  its  ability 
to  activate  Akt  (also  known  as  protein  kinase  B),  a  cellular 
homologue  of  the  viral  oncogenic  protein  v-Akt.  Akt,  a 
subfamily  of  serine/threonine  protein  kinases,  is  now 


known  to  define  a  family  of  closely  related,  highly  con¬ 
served  cellular  homologues  consisting  of  Akt  1 /protein 
kinase  B  (PKB)a,  Akt2/PKBp,  and  Akt3/PKBy  [9].  Akt 
is  activated  by  growth  factors,  adhesive  interactions  with 
int7egrins,  and  signals  initiated  by  stimulation  of  G-pro- 
tein-coupled  receptor  (GPCR)  [15].  Akt  is  also  activated  by 
isoproterenol  stimulation  of  the  (33  adrenergic  receptor  and 
Ca2+/calmodulin-dependent  protein  kinase  kinase  (CaM- 
KK)  in  a  PI3K-independent  manner  [16].  3-Phosphatidy- 
linositol-dependent  protein  kinase  (PDK)-l  and  integrin 
link  kinase  (ILK)  have  been  found  to  activate  Akt  by 
phosphorylating  Thr308  and  Ser473,  respectively  [9]. 
PTEN  regulates  Akt  activity  by  dephosphorylating  the 
lipid  product  of  PI3K  [16].  Activated  Akt  promotes  cell 
proliferation  and  survival  by  directly  phosphorylating  sev¬ 
eral  components  involved  in  cell-cycle  and  cell-death 
machinery,  such  as  glycogen  synthase  kinase  (GSK)-3, 
the  mammalian  target  of  rapamycin,  BAD,  caspase-9, 
human  telomerase  reverse  transcriptase  subunit  P,  and 
IkB  kinases  [17-22].  Akt  also  induces  phosphorylation 
of  FKHR  -  a  member  of  the  Forkhead  family  of  transcrip¬ 
tion  factors  -  and  thus  prevents  its  induction  of  several  pro- 
apoptotic  protein  expression,  such  as  BIM  and  FAS  ligand. 
In  addition,  Akt  indirectly  influence  cell  survival  by  phos¬ 
phorylating  IkB  kinase  (IKK)  and  MDM2,  affecting  the 
level  of  two  central  regulators  of  cell  death  -  nuclear  factor 
of  kB  (NF-kB)  and  p53,  and  negatively  regulates  the 
expression  of  CDK  inhibitors  (CKIs),  such  as  KIP1  (also 
known  as  p27)  and  WAF1  (also  known  as  CIP1  or  p21). 
The  effects  on  KIP1  seem  to  be  transcriptional  and 
mediated  by  FKHR  (reviewed  in  Ref.  [9]). 

3.  Involvement  of  Akt  activation  in  lung 
carcinogenesis 

Activation  of  Akt  causes  malignant  transformation  in 
vitro  and  in  vivo  in  mouse  models  of  various  human 
cancers  [23-25].  We  and  others  have  previously  reported 
evidence  that  Akt  activation  is  an  early  event  in  lung 
carcinogenesis;  expression  of  pAkt  is  increased  in  prema¬ 
lignant  and  malignant  HBE  cells  [26],  reactive  epithelium 
specimens  (bronchial  hyperplasia  and  squamous  metapla¬ 
sia),  bronchial  dysplasia,  and  NSCLC  cells  [26-28].  West 
et  al.  [29]  recently  reported  that  activation  of  Akt  is  an  early 
biochemical  effect  of  tobacco  components  in  normal 
human  lung  epithelial  cells  that  is  induced  by  nicotine 
and  NNK  in  pharmacologically  relevant  concentrations 
both  in  vitro  in  normal  HBE  cells  and  small  airway 
epithelial  cells  (SAECs)  and  in  vivo  in  the  lungs  of 
NNK- treated  mice  and  human  smokers  with  lung  cancers. 
Lung  cancer  cells  produce  insulin-like  growth  factor  (IGF), 
a  major  survival  factor,  at  higher  levels  than  do  normal  lung 
cells  and  exhibit  a  mitogenic  response  to  exogenous  IGF 
[30,31].  Moreover,  increased  expressions  of  epidermal 
growth  factor  receptor  (EGFR)  and  transforming  growth 
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factor  (TGF),  mutations  of  k-ras ,  reduced  expression  of 
PTEN,  and  amplification  of  a  region  of  chromosome  3q 
that  includes  the  pi  10  catalytic  subunit  of  PI3K  -  all  of 
which  could  induce  activation  of  PI3K/Akt  pathway  -  have 
been  observed  in  bronchial  preneoplastic  lesions,  NSCLC, 
or  both  [32-36].  Together,  these  findings  indicated  that  Akt 
activation  is  an  early  event  in  lung  tumorigenesis  and, 
therefore,  development  of  new  chemopreventive  agents 
that  suppress  the  PI3K/Akt  pathway  may  abrogate  lung 
carcinogenesis. 


4.  Targeting  the  PI3K/Akt  signaling  pathway  in 
lung  cancer 

The  effects  of  the  PI3K/Akt  pathway  on  the  proliferation 
of  normal  (NHBE),  premalignant,  and  malignant  HBE 
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Fig.  1.  Strategies  to  inhibit  PI3K/Akt  pathway;  PI3K  activities  suppressed 
by  LY294002  or  an  adenoviruses  expressing  PTEN  (Ad5-PTEN).  Akt  was 
blocked  by  an  adenoviruses  expressing  dominant  negative  Akt  (K179M). 
Ras  is  inactivated  by  SCH66336,  a  farnesyl  transferase  inhibitor  that  was 
designed  to  inhibit  Ras  activation. 
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Fig.  2.  Effect  of  the  PI3K/Akt  pathway  on  HBE  cell  proliferation.  (B)  NHBE  cells  and  the  indicated  HBE  cell  lines  were  seeded  in  96-well  culture  plates 
(2000-5000  cells/well),  incubated  with  the  indicated  titers  of  (A)  Ad5-CMV  (EV),  an  empty  virus,  or  Ad5-PTEN  (PTEN)  (particles/cell),  (B)  LY294002 
(pM),  or  (C)  SCH66336  (pM).  After  incubation  of  the  cells  for  3  days,  they  were  subjected  to  MTT  assay.  Results  are  expressed  relative  to  the  number  of  cells 
infected  with  EV  (A)  or  cells  treated  with  medium  alone  (B,  C).  Each  value  is  the  mean  (±S.D.)  from  five  identical  wells. 
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cells  were  investigated  using  genetic  approaches  with 
adenoviral  vectors  and  pharmacologic  approaches 
(Fig.  1)  in  normal,  premalignant  (1799  and  1198  cells), 
and  malignant  HBE  (1170-1)  cells.  Specifically,  the  cells 
were  treated  with  the  PI3K  inhibitor  LY294002  or  an 
adenovirus  expressing  either  PTEN  (Ad5-PTEN)  [28]  or 
dominant-negative  Akt  (Ad5-HA-Akt-KM)  [37].  The 
results  showed  that  Ad5-PTEN  (Fig.  2A),  LY294002 
(Fig.  2B),  or  Ad5-HA-Akt-KM  (data  not  shown)  effec¬ 
tively  suppressed  the  proliferation  of  1179,  1198,  and 
1170-1  cells  compared  with  NHBE  cells.  However, 
SCH66336,  a  famesyl  transferase  inhibitor  that  was  ori¬ 
ginally  designed  to  inhibit  Ras  activation  but  also  inhibited 
Akt  activation  [38],  resulted  in  marginally  selective  inhibi¬ 
tion  of  the  growth  of  transformed  HBE  cells  (Fig.  2C). 
Thus,  interrupting  the  PI3K/Akt  pathway  is,  in  this  model 
of  lung  cancer,  a  potentially  effective  chemopreventive 
strategy.  Targeting  this  pathway  could  be  extremely  useful 
in  clinical  settings,  especially  in  the  treatment  of  NSCLC, 
in  which  constitutive  activation  of  Akt  occurs  at  a  high 
frequency  [39].  Moreover,  manipulating  Akt  activity  alters 
the  sensitivity  of  cells  to  chemotherapy  and  irradiation 
[39].  Therefore,  targeting  Akt  might  enhance  the  efficacy 
of  chemotherapy  and  radiotherapy,  and  increase  the  apop- 
totic  potential  of  NSCLC  cells. 


5.  Chemopreventive  and  chemotherapeutic  potential 
of  deguelin  in  lung  cancer 

Since  the  publication  of  clinical  studies  showing  the 
efficacy  and  feasibility  of  chemoprevention  of  aerodiges- 
tive  tract  cancer  [40],  researchers  have  devoted  much  effort 
to  the  discovery  and  development  of  new  chemopreventive 
agents.  Many  compounds  with  varied  mechanisms,  includ¬ 
ing  retinoids,  tyrosine  kinase  inhibitors,  farnesyl  transfer¬ 
ase  inhibitors,  non-steroidal  anti-inflammatory  agents 
(NSAIDs),  and  the  polyamine  synthase  inhibitor  have  been 
used  successfully  as  chemopreventive  agents  in  either 
animal  carcinogenesis  models  or  clinical  trials  [41].  How¬ 
ever,  undesirable  side  effects  or  resistance  of  lung  cancer 
cells  to  these  agents  limit  their  long-term  clinical  use  as 
chemopreventive  therapy.  Furthermore,  all  clinical  trials  of 
lung  cancer  chemopreventive  agents  performed  in  the 
United  States  and  Europe  have  failed  to  show  that  such 
therapy  benefits  individuals  at  increased  risk  of  developing 
lung  cancer,  thus  emphasizing  the  need  for  novel  lung 
cancer  chemopreventive  strategies. 

Since  we  and  others  have  found  that  one  of  the  most 
promising  molecules  for  chemoprevention  and  treatment 
of  lung  cancer  is  targeting  of  Akt,  several  natural  plant 
products  and  dietary  constituents  have  been  screened  to 
identify  those  with  inhibitory  effects  on  proliferation  of 
transformed  HBE  cells  by  blocking  Akt  activation.  Among 
many  tested  natural  products,  deguelin  (Fig.  3),  a  rotenoid 
isolated  from  several  plant  species  including  Mundulea 
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sericea  (Leguminosae),  has  shown  potential  cancer  che¬ 
mopreventive  activity.  Deguelin  effectively  prevented 
7 , 1 2-dimethyl(a)benzanthracene-induced  preneoplastic 
lesions  in  mouse  mammary  organ  culture  [42].  Further, 
in  a  murine  two- stage  DMBA/TPA  skin  carcinogenesis 
model,  treatment  with  topical  deguelin  markedly  sup¬ 
pressed  disease  induction  of  papillomas  in  mice  treated 
at  a  low  dose  (33  pg)  and  completely  suppressed  disease 
(i.e.,  no  tumors  in  any  mice)  at  a  high  dose  (330  pg)  [43]. 
The  antitumor  efficacy  of  deguelin  was  also  shown  in  an 
NMU-induced  rat  mammary  carcinogenesis  model: 
although  deguelin  had  no  effect  on  tumor  incidence,  the 
mean  tumor  number  was  reduced  from  6.8  to  3.2  tumors 
per  rat  in  the  group  treated  with  high-dose  deguelin  [43]. 

We  have  demonstrated  that  deguelin  has  potent  apopto- 
tic  activities  in  transformed  HBE  cells  and  a  variety  of 
NSCLC  cell  lines  at  doses  attainable  in  vivo,  with  minimal 
effects  on  NHBE  viability  [44].  Deguelin  treatment 
induced  both  cell-cycle  arrest  in  the  G2/M  phase  and 
apoptosis  [26,44].  In  addition,  deguelin  inhibited  PI3K 
activity  and  reduced  pAkt  levels  and  activity  but  had 
minimal  effects  on  the  MAPK  pathway;  furthermore, 
overexpression  of  a  constitutively  active  Akt  blocked 
deguelin-induced  growth  arrest  and  apoptosis  [44],  These 
findings  indicate  that  the  proapoptotic  activity  of  deguelin 
results  from  its  ability  to  inhibit  PI3K/Akt-mediated  sig¬ 
naling  pathways.  In  addition,  deguelin  induced  a  partial 
and  delayed  inhibition  of  PI3K  activity,  compared  with 
stronger,  earlier  inhibition  of  Akt  activity,  suggesting  that 
more  than  one  mechanism  mediates  deguelin-induced 
suppression  of  Akt  activity.  Deguelin  also  inhibits  the 
expression  of  cyclooxygenase  (COX)-2  [44],  which  is 
largely  regulated  by  Akt  activity  [45],  without  affecting 
the  COX-1  protein  level.  COX  catalyzes  the  conversion  of 
arachidonic  acid  to  prostaglandins,  which  can  cause  tumor 
cell  growth,  suppress  immune  surveillance  [46],  and 
induce  metabolic  activation  of  the  tobacco  components 
PAH  and  NNK  [47].  Other  PI3K/Akt  inhibitors,  such  as 
LY294002  and  famesyltransferase  inhibitor  SCH66336 
[38],  were  less  effective  than  deguelin  at  inhibiting  the 
growth  of  premalignant  HBE  cells  (unpublished  data); 
LY294002  and  SCH66336  required  more  than  10  and 
1  pM,  respectively,  to  induce  detectable  growth  inhibition 
in  premalignant  and  malignant  HBE  cells.  The  difference 
in  the  effects  on  COX-2  expression  between  deguelin  and 
these  PI3K/Akt  inhibitors  warrants  further  investigation. 
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All  these  findings  indicate  that  deguelin  is  a  potentially 
useful  chemopreventive  agent  in  lung  cancer.  In  addition, 
since  malignant  HBE  cells  and  NSCLC  cell  lines  are  also 
sensitive  to  deguelin,  this  proapoptotic  drug  has  potential 
as  a  therapeutic  agent  against  lung  cancer. 

6.  Conclusion 

The  evidence  presented  herein  suggests  that  Akt  is 
activated  at  an  early  stage  of  lung  carcinogenesis  through 
a  variety  of  mechanisms.  Because  Akt  activity  is  crucial  for 
cell  proliferation  and  survival  of  transformed  HBE  and 
NSCLC  cells,  Akt  is  likely  to  be  an  important  factor  in 
early  progression  of  lung  carcinoma.  Interestingly,  activa¬ 
tion  of  Akt  is  an  early  biochemical  effect  of  tobacco 
components  on  human  lung  epithelial  cells  in  vitro  and 
in  vivo  [36].  Thus,  suppression  of  Akt  activation  could  be 
an  effective  preventive  strategy,  especially  for  smokers. 
The  potential  of  inhibitors  of  PI3K/Akt  activities  for 
treatment  of  lung  cancer  should  also  be  considered. 

Given  this  evidence  of  Akt’s  involvement  in  lung  cancer 
and  the  fact  that  this  malignancy  is  the  leading  cause  of 
cancer  death  worldwide,  the  need  to  develop  small  mole¬ 
cules  such  as  deguelin  that  target  Akt  activation  is  urgent. 
The  present  data  provide  evidence  that  deguelin  selectively 
inhibits  the  proliferation  of  transformed  HBE  cells  by 
blocking  Akt  activation  and  that  inhibition  of  Akt  by 
deguelin  is  the  mechanism  that  mediates  its  apoptotic 
effects  in  transformed  HBE  cells.  Because  Akt  activity 
alters  the  sensitivity  of  NSCLC  cells  to  chemotherapeutic 
agents  and  irradiation  [39],  treatment  with  deguelin  may 
enhance  the  efficacy  of  chemotherapy  and  radiotherapy, 
and  increase  the  apoptotic  potential  of  NSCLC  cells. 

The  potential  of  deguelin  as  a  chemopreventive  and 
chemotherapeutic  agent  in  lung  cancer  has  recently 
attracted  much  attention.  Before  this  approach  is  used 
clinically,  more  experimental  studies,  especially  in  animal 
models,  are  needed  to  provide  in  vivo  evidence  of  efficacy 
in  preventing  early  disease  progression  and  potential  to 
increase  the  effectiveness  of  current  chemotherapy  and 
radiation  therapy.  Since  rotenoids  inhibit  NADH:ubiqui- 
none  oxidoreductase  activity,  an  enzyme  complex  in  mito¬ 
chondrial  oxidative  phosphorylation,  which  is  associated 
with  cardiotoxicity,  respiratory  depression,  and  nerve  con¬ 
duction  blockade  at  high  doses  (LD50  =  10-100  g  in 
humans)  [42,43],  additional  studies  are  needed  to  evaluate 
any  potential  systemic  toxicity  of  deguelin.  In  addition, 
further  studies  to  define  the  relation  between  structure  and 
activity  of  analogues  of  the  rotenoids  are  warranted. 
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ABSTRACT 


Purpose 

Insulin-like  growth  factor  (IGF)  axis  has  been  associated  with  the  risk  of  lung  cancer. 
9-c/s-retinoic  acid  (9-c/s-RA)  has  shown  potential  chemopreventive  activities  in  former 
smokers.  This  study  was  designed  to  evaluate  the  effects  of  9-c/s-RA  on  IGF  axis  in  former 
smokers  to  identify  any  benefit  the  retinoid  may  have  in  preventing  lung  cancer. 

Patients  and  Methods 

Serum  concentrations  of  IGF-I,  IGF  binding  protein  (IGFBP)-3,  and  their  molar  ratio  (IGF-I/ 
IGFBP-3)  were  measured  with  radioimmunoassay  kits  in  stored  blood  samples  from  the 
participants  of  an  original  chemoprevention  trial.  The  participants  had  ceased  smoking  for  at 
least  1 2  months  and  were  randomly  assigned  to  receive  3  months  of  daily  oral  9-c/s-RA  (1 00 
mg)  or  placebo.  All  statistical  tests  were  two-sided. 

Results 

A  total  of  1 1 1  samples  from  the  study's  baseline  and  84  samples  from  the  3  months 
treatment  were  analyzed.  The  serum  concentrations  of  IGF-I  and  IGF-l/IGFBP-3  at  baseline 
were  significantly  lower  in  female  than  in  male  participants.  After  3  months  of  treatment,  the 
serum  level  of  IGF-I  and  IGF-l/IGFBP-3  were  significantly  lower  in  the  9-c/s-RA  group  than  in 
the  placebo  group  (P  =  .03  and  P<  .01 ,  respectively),  but  the  IGFBP-3  level  was  significantly 
higher  (P  =  .03). 

Conclusion 

9-c/s-RA  treatment  modulated  the  IGF  axis  in  former  smokers,  suggesting  that  the  IGF  axis 
is  a  potential  target  for  the  chemopreventive  activities  of  9-c/s-RA  and  that  the  serum 
concentrations  of  IGF,  IGFBP-3,  and  IGF-l/IGFBP-3  could  serve  as  surrogate  end  point 
biomarkers  of  9-c/s-RA  treatment. 
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INTRODUCTION 


Lung  cancer  is  the  leading  cause  of  cancer 
death  in  men  and  women  in  the  United 
States,1,2  and  cigarette  smoking  is  the  pre¬ 
dominant  risk  factor  for  lung  cancer.  There¬ 
fore,  smoking  cessation  campaigns  have 
been  a  major  focus  of  preventive  effort.3,4 
However,  the  risk  for  lung  cancer  does  not 
diminish  during  the  first  5  years  after  smok¬ 
ing  cessation5,6:  former  smokers  continue  to 
have  an  increased  risk  compared  with  peo¬ 
ple  who  have  never  smoked.7  These  findings 


indicate  that  additional  preventive  strategies 
for  former  smokers  are  needed.  One  effec¬ 
tive  strategy  is  the  administration  of  agents 
that  suppress  the  promotion  or  progression 
steps  of  lung  carcinogenesis  by  inhibiting 
the  proliferation  and  survival  of  preneo¬ 
plastic  cells  that  have  acquired  genomic 
DNA  damage  as  a  result  of  exposure  to 
cigarette  carcinogens. 

An  increasingly  recognized  mediator  of 
cell  proliferation  and  survival  is  insulin-like 
growth  factor  (IGF).8,9  IGFs  can  also  inhibit 
apoptosis  and  play  an  important  role  in 
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differentiation  of  many  normal  and  cancer  cell  types  and  in 
neoplastic  transformation  and  metastasis.9"11  The  IGF  sys¬ 
tem  is  regulated  by  IGF  binding  proteins  (IGFBPs),  espe¬ 
cially  IGFBP-3,  which  bind  to  IGFs  in  the  extracellular 
milieu  with  high  affinity  and  specificity,  thus  reducing  the 
bioavailability  of  IGFs;  more  than  90%  of  circulating  IGF-I 
is  bound  within  a  large  complex  containing  IGFBP-3  and  its 
acid-labile  subunit.9  A  growing  number  of  epidemiologic 
studies  have  suggested  that  increased  serum  concentrations 
of  IGFs,  altered  concentrations  of  IGFBP-3,  or  both,  are 
associated  with  an  increased  risk  for  several  types  of  cancer, 
including  lung  cancer,  and  that  high  IGFBP-3  concentra¬ 
tions  can  attenuate  this  risk.12'17  We  have  shown  that  loss  of 
IGFBP-3  expression,  due  partly  to  hypermethylation  of  its 
promoter,18  is  a  marker  of  poor  prognosis  in  patients  with 
early-stage  non-small-cell  lung  cancer  (NSCLC). 19,20  We 
have  also  demonstrated  that  overexpression  of  IGFBP-3 
inhibits  the  growth  of  NSCLC  cells  in  vitro  and  in  vivo  by 
inducing  apoptosis.21  These  data  indicate  that  for  high-risk 
patients,  the  IGF  system  is  a  potential  target  for  preventive 
strategies,  for  novel  antineoplastic  therapies,  or  for  both. 

An  increasing  body  of  evidence  has  suggested  that  reti¬ 
noids,  the  most  frequently  studied  chemopreventive  agents 
for  lung  cancer,  modulate  the  IGF  axis.22"24  Results  of  sev¬ 
eral  in  vivo  studies  in  experimental  animals  have  shown  that 
retinoids  suppress  carcinogenesis  in  a  variety  of  tissue  types, 
including  the  lung.25,26  Of  the  naturally  occurring  retinoids, 
all- trans- retinoic  acid  (all-trans-RA)  binds  to  RA  receptors 
(RARs),  and  9-ds-retinoic  acid  (9-ds-RA)  binds  to  RARs, 
retinoid  X  receptors  (RXRs),  and  other  nuclear  receptor 
complexes  in  which  the  RXR  is  a  ligand-binding  partner, 
such  as  the  vitamin  D  receptor  and  the  peroxisome  prolif- 
erator-activated  receptor.27  13-ds-RA  binds  to  RAR  and, 
after  stereoisomerization,  to  either  all-trans-RA  or  9-ds-RA 
in  a  process  that  occurs  intracellularly.28 

We  demonstrated  in  a  clinical  lung  cancer  chemopre- 
vention  trial  that  9-ds-RA  treatment  can  restore  RAR/3 
expression  in  former  smokers  after  3  months  of  treatment.29 
RAR/3  expression  has  been  implicated  in  the  prevention  of 
tumor  development  and  has  shown  growth- inhibitory  and 
apoptotic  effects  on  the  bronchial  epithelia  of  former  smok¬ 
ers.30  These  previous  findings  thus  raised  the  possibility 
that  9-ds-RA  has  potential  chemopreventive  properties 
in  former  smokers. 

To  shed  more  light  on  the  beneficial  effects  of  9-ds-RA 
on  former  smokers,  we  analyzed  the  effects  of  9-ds-RA  on 
the  IGF  axis,  especially  on  the  serum  concentrations  of 
IGF-I  and  IGFBP-3  and  on  the  molar  ratio  of  IGF-I  to 
IGFBP-3,  which  has  been  proposed  to  reflect  tissue  bioac¬ 
tivity,  in  a  previously  studied  population  of  former  smok¬ 
ers.31  We  found  that  9-ds-RA  treatment  modulated  the  IGF 
axis  in  these  former  smokers,  suggesting  that  the  serum  IGF 
axis  is  a  target  of  the  potential  chemopreventive  activities  of 
9-ds-RA  in  former  smokers. 
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PATIENTS  AND  METHODS 


Patients 

The  original  study  from  which  we  derived  our  data  was  a 
three-arm,  randomized,  double-blinded,  placebo-controlled  trial 
comparing  the  effects  of  9-ds-RA  (100  mg)  with  those  of  13-ds-RA 
(1  mg/kg)  plus  u-tocopherol  (AT;  1,200  U)  administered  for  3 
months.  In  this  study,  a  significant  increase  in  RAR/3  expression 
and  a  reduction  of  metaplasia  were  observed  in  individuals  treated 
with  9-ds-RA,  but  not  with  13-ds-RA  plus  AT,  compared  with 
those  treated  with  placebo.  Because  antioxidants  such  as  AT  can 
affect  the  concentrations  of  the  components  of  the  IGF  axis,32  we 
decided  not  to  include  the  13-ds-RA  plus  AT  treatment  group  in 
our  analysis.  The  eligibility  criteria  were  previously  described.29 
Briefly,  the  study  population  consisted  of  former  heavy  smokers 
clinically  free  of  any  cancer,  who  were  registered  in  the  Depart¬ 
ments  of  Thoracic/Head  and  Neck  Medical  Oncology  and  of 
Thoracic  Surgery  at  The  University  of  Texas  M.D.  Anderson  Can¬ 
cer  Center.  To  be  eligible,  subjects  had  to  have  adequate  renal, 
hematologic,  and  hepatic  function  and  must  not  have  taken  more 
than  25,000  U  of  vitamin  A  or  other  retinoids  daily  for  at  least  3 
months  before  study  entry.  Subjects  were  allowed  to  have  had  a 
prior  smoking-related  cancer,  but  they  had  to  have  been  tumor 
free  for  6  months  before  enrollment  in  the  study.  Subjects  were 
required  to  abstain  from  consuming  dietary  vitamin  supplements 
while  on  the  study.  The  treatment  duration  was  3  months,  based 
on  the  toxicity  data  from  a  previous  phase  I  trial  that  included 
9-ds-RA  treatment.33  Subjects  were  seen  monthly  and  were  eval¬ 
uated  for  compliance  with  the  trial  protocol,  drug- related  toxic 
effects,  and  serum  cotinine  concentrations. 

The  clinical  trial  from  which  the  samples  analyzed  in  this 
study  were  derived  indicated  that  9-ds-RA  had  some  side  effects. 
Specifically,  subjects  in  the  9-ds-RA  group  experienced  grade  2  (46 
subjects)  and  grade  3  (nine  subjects)  toxic  effects  typical  of 
retinoid  treatment,  including  skin  rash,  hypertriglyceridemia, 
headache,  cheilitis,  conjunctivitis,  arthralgia,  and  myalgia.29 
Drug-related  toxicity  was  graded  according  to  the  National 
Cancer  Institute’s  Common  Toxicity  Criteria.34 

The  original  study  had  been  approved  by  the  institutional 
review  board  of  The  M.D.  Anderson  Cancer  Center  and  by  the 
US  Department  of  Health  and  Human  Services.  Our  current 
study  was  also  approved  by  the  institutional  review  board  at 
M.D.  Anderson. 

IGF-I  and  IGFBPS  Measurements 

For  analysis  of  serum  concentrations  of  IGF-I  and  IGFBP-3, 
blood  samples  were  drawn  from  nonfasting  subjects  and  collected 
in  heparinized  tubes  that  were  transported  immediately  to  the 
laboratory,  where  the  samples  were  immediately  centrifuged  for 
10  minutes  at  4,000  X  g  and  then  stored  at  —  80°C  until  the  assays 
were  performed.  The  serum  concentration  of  IGF-I  was  measured 
by  a  specific  radioimmunoassay  (Diagnostic  Systems  Laboratories 
Inc,  Webster,  TX)  with  intra-assay  and  interassay  coefficients  of 
variation  of  less  than  4%  and  8%,  respectively.  To  separate  IGFs 
from  their  binding  proteins,  we  mixed  serum  specimens  with  an 
acid- ethanol  extraction  buffer  before  measurement.  The  extrac¬ 
tion  procedure  had  been  previously  evaluated,  and  the  efficiency 
of  the  extraction  was  identical  to  that  for  acid-column  chromatog¬ 
raphy.35  The  IGFBP-3  concentration  was  also  measured  by  a  spe¬ 
cific  radioimmunoassay  (Diagnostic  Systems  Laboratories  Inc) 
with  intra- assay  and  inter  assay  coefficients  of  variation  of  less  than 
3.5%  and  7.5%,  respectively,  and  no  cross-reaction  with  other 
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members  of  the  IGFBP  family.  The  assays  were  performed  accord¬ 
ing  to  the  instructions  of  the  manufacturer  and  without  knowl¬ 
edge  of  who  the  subject  was.  The  molar  ratio  of  IGF-I  to  IGFBP-3 
was  calculated  as  (0.130  X  IGF-I  concentration  [ng/mL])/(0.036  X 
IGFBP-3  concentration  [ng/mL]). 

Statistical  Analysis 

The  characteristics  of  the  study  subjects  were  compared  pre¬ 
random  assignment,  according  to  sex  or  study  group,  by  using 
Fisher’s  exact  test  for  dichotomous  characteristics  and  the 
Kruskal- Wallis  test  for  quantitative  characteristics.  Because  the 
distributions  of  serum  concentrations  of  IGF-I  and  IGFBP-3  were 
skewed,  the  differences  between  groups  were  tested  by  using  the 
Wilcoxon  rank  sum  test.  An  overall  treatment  effect  over  time  was 
determined  by  comparing  the  modulation  (ie,  the  value  at  the 
subsequent  visit  minus  the  value  at  the  baseline  evaluation)  in 
serum  concentrations  of  IGF-I  and  IGFBP-3  and  in  the  molar  ratio 
of  IGF-I  to  IGFBP-3  between  the  9-ds-RA  and  placebo  groups.  All 
P  values  were  determined  by  two-sided  tests.  Associations  were 
considered  statistically  significant  at  P  values  less  than  .05.  In  the 
multivariate  analysis,  the  variables  of  sex,  age,  smoking  status,  and 
body  mass  index  (body  weight  in  kg/height  in  m2)  were  included 
in  the  model. 


RESULTS 


Subject  Characteristics 

The  characteristics  of  eligible  subjects  were  described 
in  detail  previously.29  Of  the  226  former  smokers  enrolled 
in  the  original  chemoprevention  trial,  149  were  randomly 
assigned  to  placebo  or  9-ds-RA  treatments,  and  1 13  of  them 
completed  3  months  of  treatment.  The  characteristics  of 
subjects  assessable  for  our  study  are  detailed  in  Table  1. 
Each  treatment  group  was  well  balanced  for  sex,  race,  age, 
body  mass  index,  and  history  of  smoking.  Blood  samples 
from  1 1 1  of  these  subjects  (52  women  and  59  men;  56  from 
the  9-ds-RA  group  and  55  from  the  placebo  group)  at  the 
baseline  of  the  study,  and  from  84  (40  women  and  44  men; 
41  from  the  9-ds-RA  group  and  43  from  the  placebo  group) 
after  3  months  of  treatment  were  assessable  for  serum  con¬ 
centrations  of  IGF-I  and  IGFBP-3.  The  two  treatment 
groups  had  comparable  baseline  mean  serum  concentra¬ 
tions  of  IGF-I  and  IGFBP-3  and  similar  molar  ratios  of 
IGF-I  to  IGFBP-3  (Table  2). 

To  determine  whether  subject  characteristics  affected 
the  baseline  serum  concentrations  of  IGF-I  or  IGFBP-3,  we 
evaluated  the  correlation  between  certain  variables  (eg,  sex, 
race,  age,  body  mass  index,  pack-years  of  smoking,  and 
number  of  years  since  stopping  smoking)  and  the  baseline 
serum  concentrations  of  IGF-I  and  IGFBP-3  and  the  molar 
ratio  of  IGF-I  to  IGFBP-3  (Table  3).  The  baseline  serum 
concentration  of  IGF-I  and  the  molar  ratio  of  IGF-I  to 
IGFBP-3  were  significantly  lower  in  women,  whereas  the 
IGFBP-3  concentration  was  slightly  higher,  though  the  dif¬ 
ference  did  not  reach  statistical  significance.  Moreover,  the 
serum  concentration  of  IGF-I  and  the  molar  ratio  of  IGF-I 
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to  IGFBP-3  in  women  significantly  decreased  with  increas¬ 
ing  age  (Fig  1A).  Because  serum  concentrations  of  IGF-I  are 
reduced  in  women  treated  with  hormone  replacement  ther¬ 
apy  (FiRT), 36,37  we  analyzed  whether  the  changes  in  the 
baseline  serum  concentration  of  IGF-I  and  the  baseline 
molar  ratio  of  IGF-I  to  IGFBP-3  were  associated  with  HRT 
use  among  women.  Self-reported  data  for  HRT  use  were 
available  for  38  of  the  52  women  (Table  3).  Overall,  baseline 
serum  concentrations  IGF-I  and  molar  ratios  of  IGF-I  to 
IGFBP-3  concentrations  were  significantly  lower  in  the 
HRT  users  than  the  non-HRT  users  (Fig  IB).  Among  HRT 
users,  differences  in  the  IGFBP-3  concentrations  were  not 
significantly  different.  The  mean  baseline  serum  concentra¬ 
tions  of  IGF-I  and  IGFBP-3,  and  the  molar  ratio  of  IGF-I  to 
IGFBP-3  in  the  HRT  users  are  summarized  in  Table  3.  Race, 
body  mass  index,  number  of  pack-years,  and  years  since 
stopping  smoking  did  not  affect  the  serum  concentrations 
of  IGF-I  and  IGFBP-3  or  the  molar  ratio  of  IGF-I  to 
IGFBP-3  in  the  study  population. 

Effect  of  9-cis-RA  on  IGF-I  and  IGFBP-3  Serum 
Concentrations  and  on  the  IGF-I  to  IGFBP-3 
Molar  Ratio 

The  primary  end  point  of  the  original  lung  cancer 
chemoprevention  trial  was  restoration  of  RAR/3  expression 
in  the  bronchial  epithelium.29  In  the  previous  study,  we 
demonstrated  that,  compared  with  the  effect  of  placebo,  the 
median  change  in  receptor  index  was  significantly  different 
from  placebo  for  9-ds-RA  but  not  for  13-ds-RA  plus  AT,29 
raising  the  possibility  that  9-ds-RA  has  potential  chemopre- 
ventive  properties  in  former  smokers. 

In  the  current  study,  we  evaluated  the  serum  concen¬ 
trations  of  the  IGF  axis  in  former  smokers  during  treatment 
with  9-ds-RA.  The  modulations  in  mean  serum  concen¬ 
trations  of  IGF-I  and  IGFBP-3  and  in  the  molar  ratio  of 
IGF-I  to  IGFBP-3  in  the  two  treatment  groups  during  3 
months  of  treatment  are  illustrated  in  Figure  2.  The  mean 
changes  in  the  placebo  and  9-ds-RA  groups  are  summa¬ 
rized  in  Table  4.  Compared  with  the  placebo  group,  the 
9-ds-RA  group  exhibited  a  statistically  significant  mod¬ 
ulation  in  the  IGF  axis.  The  mean  changes  from  the 
study’s  baseline  to  the  end  of  3  months  of  treatment  in 
the  placebo  and  9-ds-RA  groups  were  as  follows:  IGF-I, 
14.3  and  -19.2,  respectively;  IGFBP-3,  -175.1  and 
196.6,  respectively;  and  molar  ratio  of  IGF-I  to  IGFBP-3, 
0.05  and  —0.06,  respectively.  These  findings  suggested 
that  9-ds-RA  increases  serum  concentrations  of  IGFBP-3 
and  decreases  serum  concentrations  of  IGF-I,  thus  re¬ 
ducing  the  molar  ratio  of  IGF-I  to  IGFBP-3. 

To  determine  whether  the  differences  in  the  serum 
concentrations  of  IGFBP3  between  untreated  and  treated 
groups  reflected  differences  at  the  tissue  level,  we  also  per¬ 
formed  immunohistochemical  analysis  of  IGFBP3,  using 
the  methodology  described  previously  for  lung  cancer 
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Table  1.  Characteristics  of  Subjects  According  to  Treatment  Group 

Placebo  (n  =  61) 

9-c/s-RA  (n  =  52) 

Characteristic 

No.  % 

No. 

% 

P* 

Sex 

Male 

37  60.7 

27 

51.9 

.35 

Female 

24  39.3 

25 

48.1 

Race 

White 

52  85.3 

49 

94.2 

African  American 

6  9.8 

2 

3.9 

.35 

Hispanic 

3  4.9 

1 

1.9 

Asian 

0  0.0 

0 

0.0 

Smoking-related  cancer 

No 

54  88.5 

48 

92.3 

.54 

Yes 

7  11.5 

4 

7.7 

Age,  years 

Mean 

58.1 

55.7 

.12 

SD 

8.9 

9.2 

Median 

58.8 

54.9 

Range 

34.9-73.6 

35.9-74.5 

BMI 

Mean 

27.8 

28.1 

.92 

SD 

4.1 

5.38 

Median 

27.1 

27.3 

Range 

20.6-39.4 

19.4-44.4 

Smoking  years 

Mean 

29.1 

27.3 

.39 

SD 

9.8 

9.5 

Median 

30 

26 

Range 

15-50 

10-50 

PPD 

Mean 

1.7 

1.9 

.23 

SD 

0.7 

0.8 

Median 

1.5 

2 

Range 

1-4 

0.8-4 

Pack-years 

Mean 

50.2 

52.6 

.94 

SD 

27.2 

30.5 

Median 

42.5 

42 

Range 

20-135 

20-136 

Smoking  quit  years 

Mean 

10.4 

11.0 

.56 

SD 

8.8 

8.7 

Median 

10.1 

7.8 

Range 

1.1-35.2 

1.0-38.2 

Abbreviations:  9-c/s-RA,  9-c/s-retinoic  acid;  SD,  standard  deviation;  BMI,  body  mass  index;  PPD,  packs  per  day. 

"'The  Wilcoxon  rank-sum  test  was  performed  to  test  continuous  variables  between  two  treatment  groups.  The  x2  test  (for  sex)  and  Fisher's  exact  test  (for 

race  and  smoking-related  cancer)  were  performed  to  test  the  association  between  two  categorical  variables. 

samples,20  in  more  than  90%  of  the  cases.  The  intensity  of 
IGFBP-3  expression  in  the  normal  and  hyperplastic  epithe¬ 
lial  tissue  samples  was  high,  and  differences  between  pla¬ 
cebo-  and  9- cis- RA-treated  groups  were  not  significant 
(data  not  shown).  We  suggest  that  the  reason  for  the  appar¬ 
ent  discrepancy  between  the  results  of  the  plasma  concen¬ 
tration  analysis  reported  in  this  article  and  the  tissue 
analysis  is  the  higher  sensitivity  and  dynamic  range  of  the 
enzyme-linked  immunosorbent  assay  for  the  plasma  IG- 
FBP3  and  IGF1  compared  with  the  limited  dynamic  range 
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of  the  immunohistochemical  analysis.  In  addition,  the 
sources  of  IGF  1  and  IGFBP-3  in  the  blood  include  the  liver 
and  other  tissues  and  is  not  expected  to  be  directly  related  to 
expression  in  bronchial  epithelial  cells. 

Correlation  Between  Changes  in  Tissue  Level  of 
RAR-fi  and  Modulation  of  the  IGF  Axis  Induced 
by  9-c'is-RA 

We  further  evaluated  the  association  between  the 
changes  in  serum  concentrations  of  the  IGF  axis  peptides 
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Table  2.  The  Baseline  Serum  Concentration  of  IGF-I,  IGFBP-3,  and  IGF-l:IGFBP-3  Molar  Ratio  in  the  Study  Population  According  to  Treatment  Group 

Placebo  (n  =  55)  9-c/s-RA  (n  =  56) 

Mean  SD  95%  Cl  Mean  SD  95%  Cl  P* 

IGF-I,  ng/mL  208.8  123.3  175.4  to  242.1  236.0  117.8  204.4  to  267.5  .87 

IGFBP-3,  ng/mL  2,416.5  826.2  2,193.2  to  2,639.9  2,415.5  636.2  2,245.1  to  2,585.9  .23 

IGF-l:IGFBP-3  0.33  0.20  0.28  to  0.39  0.38  0.20  0.32  to  0.43  .22 

Abbreviations:  9-c/s-RA,  9-c/s-retinoic  acid;  SD,  standard  deviation;  IGFBP-3,  insulin-like  growth  factor  binding  protein  3;  IGF-I,  insulin-like  growth  factor  I. 
*P  was  obtained  from  the  Wilcoxon  rank  sum  test. 


and  changes  in  the  tissue  expression  level  of  RAR/3  during 
9-ds-RA  treatment.  To  determine  the  effect  of  treatment  on 
loss  of  RAR/3  expression  at  any  biopsy  site,  the  subjects  were 
grouped  according  to  whether  their  biopsy  samples  were 
positive  (ie,  RAR/3  was  detected  in  all  six  biopsy  sites)  or 
negative  (ie,  RAR/3  was  not  detected  in  at  least  one  biopsy 
site)  for  RAR/3  expression,  and  the  effects  of  treatment  on 
RAR/3  expression  was  determined  as  a  binary  variable  (ie, 
loss  of  RAR/3  expression  at  any  biopsy  site).  The  modula¬ 
tion  of  serum  concentrations  of  IGF-I  and  IGFBP-3  and  the 
molar  ratio  of  IGF-I  to  IGFBP-3  were  not  significantly 
correlated  with  baseline  RAR/3  expression  (Fig  3 A)  or  with 
the  changes  in  tissue  RAR/3  expression  induced  by  9-ds-RA 
(Fig  3B). 


DISCUSSION 


Our  main  finding  in  this  analysis  of  data  collected  from  a 
completed  chemoprevention  trial  assessing  the  benefits  of 
9-ds-RA  for  former  smokers  was  that  the  IGF  axis  can  be 
modulated  by  9-ds-RA  in  a  population  of  former  smokers. 
To  our  knowledge,  this  is  the  first  report  showing  modula¬ 
tion  of  the  IGF  axis  by  9-ds-RA  in  the  setting  of  a  chemo¬ 
prevention  trial. 

Growing  evidence  supports  an  association  between  the 
IGF  axis  and  the  risk  for  lung  cancer8  and  suggests  that  the 
development  of  agents  targeting  the  IGF  axis  could  be  an 
effective  strategy  in  chemoprevention  of  the  disease.  There¬ 
fore,  retinoids,  shown  to  regulate  the  IGF  axis  in  vitro22,38,39 


Table  3.  Association  Between  Baseline  IGF-I,  IGFBP-3,  and  IGF-l:IGFBP-3  Molar  Ratio  and  Subjects'  Demographic  Characteristics 


Characteristic 

IGF-I 

IGFBP-3 

IG  F-l :  1 G  FB  P-3 

Mean 

SD 

P 

Mean 

SD 

P 

Mean 

SD 

P 

Sex 

Male  (n  =  59) 

261.3 

108.2 

.0002 

2,373.4 

784.7 

.52 

0.43 

0.19 

<  .0001 

Female  (n  =  52) 

178.5 

120.1 

2,464.4 

674.2 

0.28 

0.19 

HRT 

HRT  use  (n  =  23) 

139.9 

89.22 

.004 

2,331 

770.6 

.16 

0.23 

0.13 

.009 

No  HRT  use  (n  =  15) 

282.9 

139.8 

2,523 

556.4 

0.43 

0.25 

Race 

White  (n  =  98) 

220.0 

122.4 

.51 

2,439.1 

732.2 

.51 

0.35 

0.21 

.46 

African  American  (n  =  9) 

261.6 

107.4 

2,356.3 

740.0 

0.39 

0.06 

Hispanic  (n  =  4) 

196.3 

118.6 

1,983.8 

798.3 

0.35 

0.23 

Age,  years 

<  60  (n  =  71) 

228.2 

118.8 

.47 

2,353.6 

658.3 

.43 

0.37 

0.21 

.22 

>  60  (n  =  40) 

212.4 

125.1 

2,526.8 

847.6 

0.32 

0.20 

BMI 

<  28  (n  =  64) 

235.1 

117.4 

.20 

2,360.9 

660.6 

.51 

0.38 

0.20 

.16 

>  28  (n  =  42) 

206.7 

129.8 

2,483.4 

854.0 

0.33 

0.22 

Pack-years 

<  40  (n  =  46) 

234.3 

125.9 

.39 

2,388.9 

624.2 

.81 

0.37 

0.20 

.44 

>  40  (n  =  65) 

214.2 

117.3 

2,435.2 

805.6 

0.35 

0.20 

Years  quit  smoking 

<  10  (n  =  61) 

216.8 

121.7 

.60 

2,434.8 

770.0 

.85 

0.35 

0.21 

.89 

>  10  (n  =  50) 

229.4 

120.5 

2,393.1 

692.6 

0.36 

0.20 

NOTE.  P  was  obtained  from  the  Wilcoxon  rank  sum  test. 

Abbreviations:  IGF-I,  insulin-like  growth  factor-1;  IGFBP-3,  insulin-like  growth  factor  binding  protein-3;  SD,  standard  deviation;  BMI,  body  mass  index. 
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Fig  1-  Effect  of  subject  characteristics  on  the  baseline  serum  concentrations  of  IGF-I  and  IGFBP-3  the  molar  ratio  of  IGF-I  to  IGFBP-3.  Correlation  between  age 
and  the  baseline  serum  concentrations  of  IGF-1  (ng/mL)  and  IGFBP-3  (ng/mL)  and  the  molar  ratio  of  IGF-I  to  IGFBP-3  by  increasing  age  in  (A)  female  and  (B)  male 
subjects.  (C)  Effect  of  HRT  use  on  the  baseline  serum  concentrations  of  IGF-1  (ng/mL)  and  IGFBP-3  (ng/mL)  and  on  the  IGF-I  to  IGFBP-3  ratio.  “+”  indicates 
HRT  use  and  indicates  no  FIRT  use.  IGF,  insulin-like  growth  factor;  IGFBP,  IGF  binding  protein;  HRT,  hormone  replacement  therapy. 


have  a  potential  to  exert  chemopreventive  activities.  Indeed, 
several  findings  have  demonstrated  the  potential  use  of 
retinoids  as  chemopreventive  agents.  For  example,  9-ds-RA 
has  shown  antiproliferative  activity  against  a  broad  range  of 
neoplastic  cells,  including  those  from  prostate  cancer,40 
breast  cancer,41’42  leukemia  and  lymphoma,43  lung  can¬ 
cer,44  and  head  and  neck  cancer.45  In  vivo,  9-ds-RA  has 
substantial  anticarcinogenic  activity  in  rat  mammary 
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glands46,47  and  rat  colons.48  More  recently,  the  synthetic 
retinoid  fenretinide  has  been  shown  to  modulate  circulat¬ 
ing  IGF-I  and  IGFBP-3  concentrations  in  breast  cancer 
patients,49,50  and  the  relative  risk  of  a  second  breast  can¬ 
cer  was  35%  lower  in  premenopausal  women  treated  with 
fenretinide  than  in  those  who  received  no  treatment.51 
Thus,  from  the  standpoint  of  directing  future  chemopre- 
vention  trials,  our  findings  are  important  because  we  have 
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shown  both  that  clinical  trials  targeting  the  IGF  axis  in 
former  smokers  are  feasible  and  that  9-ds-RA  can  modulate 
the  IGF  axis  in  this  population. 

To  determine  whether  the  characteristics  of  subjects 
affected  the  baseline  IGF  axis,  we  evaluated  many  variables, 
such  as  sex,  age,  nutritional  status,  and  growth  hormone 
secretion  level,  which  have  all  been  shown  to  affect  the 
serum  concentrations  of  IGF-I.52  The  baseline  serum  level 
of  IGF-I  and  the  molar  ratio  of  IGF-I  to  IGFBP-3  were 
significantly  lower  in  women  than  in  men.  Estrogen  is  most 
likely  responsible  for  the  sex-related  difference  in  the  serum 
concentration  of  IGF-I.  Endogenous  estrogens  have  been 
shown  to  directly  regulate  circulating  IGF-I  synthesis53  and 
oral  administration  of  estrogen  decreases  IGF-I  serum  con¬ 
centrations.54,55  In  our  study,  38  of  the  52  women  took  HRT 
during  the  treatment  period,  and  the  serum  concentrations 
of  IGF-I  were  significantly  lower  for  HRT  users  than  for 
non-HRT  users.  Therefore,  the  significant  difference  in  se¬ 
rum  concentrations  of  IGF-I  and  the  molar  ratio  of  IGF-I  to 
IGFBP-3  might  have  resulted  from  the  HRT.  The  role  of 
estrogen  in  regulating  the  IGF-I  level  is  further  supported 
by  the  recent  finding  that  the  IGF-I  concentrations  of 
women  using  HRT  were  significantly  lower  than  those  of 
women  not  using  HRT.37  Studies  have  suggested  that  HRT 
use  is  associated  with  a  decreased  risk  for  several  types  of 
cancer,  including  lung  cancer,  through  decreases  in  the 
production  of  IGF-I.56,57  Therefore,  if  a  high  level  of 
IGF-I  is  a  putative  risk  factor  for  lung  cancer,  HRT  use 
appears  to  lower  IGF-I  concentrations,  thereby  decreas¬ 
ing  lung  cancer  risk. 

We  also  observed  that  baseline  serum  concentrations 
of  IGF-I  and  the  molar  ratio  of  IGF-I  to  IGFBP-3  were 
significantly  decreased  with  increasing  age  in  women.  Du¬ 
ration  of  HRT  use  is  also  likely  responsible  for  the  age- 
related  difference  in  the  serum  concentration  of  IGF-I  in  a 
female  population  because  older  women  may  conceivably 
have  used  HRT  for  a  longer  time.  The  decrease  in  IGF-I  con¬ 
centrations  with  aging  has  been  described  many  times,49,58,59 
and  maybe  due  in  part  to  decreased  growth  hormone  levels.60 
In  normal  subjects,  the  interaction  between  growth  hormone 


Fig  2.  Effect  of  9-c/s-retinoic  acid  (9-c/s-RA)  on  the  modulation  of  the 
IGFBP-3  concentration,  IGF-I  concentration,  and  the  IGF-I  to  IGFBP-3  ratio 
after  the  3  months  of  treatment.  The  distributions  of  serum  concentrations 
of  IGF-I  and  IGFBP-3  and  of  the  IGF-I  to  IGFBP-3  ratio  are  presented  using 
box  plots.  The  top  and  bottom  edges  of  the  box  portion  of  the  plots 
represent  the  75th  and  25th  percentiles,  respectively,  of  the  distributions. 
The  vertical  bars  extend  to  the  90th  and  10th  percentiles.  The  P  value  was 
obtained  by  using  the  Wilcoxon  rank  sum  test  comparing  baseline  values 
and  the  modulation  of  IGFBP-3  concentration,  IGF-I  concentration,  and  the 
IGF-I  to  IGFBP-3  ratio  between  the  9-c/s-RA  and  placebo  groups.  After  3 
months  of  treatment  with  9-c/s-RA,  the  serum  level  of  IGF-I  and  the  IGF-I  to 
IGFBP-3  ratio  were  significantly  lower  (P  =  .03  and  P<  .01,  respectively)  in 
the  group  receiving  9-c/s-RA  than  in  the  placebo  group,  whereas  the  serum 
level  of  IGFBP-3  was  significantly  higher  (P  =  .03).  X,  variables;  horizontal 
line,  medians  of  the  variables;  IGF,  insulin-like  growth  factor;  IGFBP,  IGF 
binding  protein. 
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Table  4.  Modulation  of  Serum  Concentration  of  IGF-I,  IGFBP-3,  and  I G F-l : I G F B P-3  Molar  Ratio  in  the  Study  Population  According  to  Treatment  Group 

Placebo  (n  =  43)  9-c/s-RA  (n  =  41 ) 


Mean 

SD 

Median 

Range 

Mean 

SD 

Median 

Range 

IGF-I  (ng/mL) 

14.3 

85.0 

14.5 

-282.4-216.5 

-19.2 

78.3 

-14.7 

-238.9-156.1 

IGFBP-3  (ng/mL) 

-175.1 

790.9 

-109.7 

-2,277.2-1,548.9 

196.6 

657.5 

100.1 

-1,099.4-2,325.7 

IGF-l:IGFBP-3t 

0.05 

0.2 

0.06 

—  0.7-0. 7 

-0.06 

0.2 

-0.03 

—  0.4-0. 3 

Abbreviations:  9-c/s-RA,  9-c/s-retinoic  acid;  SD,  standard  deviation;  IGFBP-3,  insulin-like  growth  factor  binding  protein  3;  IGF-I,  insulin-like  growth  factor  I. 
*P  comparing  the  differences  between  the  baseline  and  the  3rd  month  values  were  obtained  from  the  Wilcoxon  rank  sum  test. 

1 1 G F-l : I G FB P-3  =  0.13  IGF-l/0.036  IGFBP3. 


and  its  specific  hepatic  receptor  stimulates  expression  of  the 
IGF-I  gene  and  the  release  of  the  IGF-I  polypeptide.52  There¬ 
fore,  it  is  likely  that  the  concentration  of  IGF-I  declines  with 
age,  as  do  secretions  of  growth  hormone.  However,  we  have 


not  observed  a  significant  correlation  between  the  age  of 
the  study  population  in  men  and  serum  concentrations 
of  IGF-I  and  IGFBP-3  or  the  molar  ratio  of  IGF-I  to 
IGFBP-3  in  our  study. 


Baseline  RARp 
P=S 0 


{n  ~  65)  {n  =  45) 
Baseline  RARJS 
p  =  m 


Baseline  RARp 
P  =  37 


(r>  =  29)  (n  =  18)  (n  =  22)  {n  -  12)  (n  =  29)  (n  =  18)  (n  =  22)  (n  =12)  (rl  =  29)  (n  =  18)  [n  =  22)  (n  =  12) 

Modulation  of  RARp  Modulation  of  RARp  Modulation  of  RARp 

P=  70  P=  52  P-  43 


Fig  3.  Correlation  between  RAR/3  expression  in  tissue  and  modulation  of  the  IGF-axis.  (A)  A  Wilcoxon  rank  sum  test  was  performed  to  test  the  statistical 
significance  of  the  changes  in  the  median  RAR/3  expression  in  tissues  from  baseline  to  after  3  months  of  treatment.  (B)  Kruskal-Wallis  test  was  performed 
comparing  the  modulations  in  the  median  IGFBP-3  concentration,  IGF-I  concentration,  and  IGF-I  to  IGFBP-3  ratio  from  baseline  to  3  months  after  treatment  with 
the  modulation  in  median  RAR/3  expression  in  tissue.  Subjects  were  grouped  according  to  their  levels  of  RAR/3  expression  at  baseline  and  at  3  months  after 
treatment  (+/+,  +/-,  -/+,  -/-),  “+”  indicates  that  RAR/3  was  detected  in  all  six  biopsy  sites;  indicates  that  RAR-/3  was  not  detected  in  at  least  one 
biopsy  site.  The  number  of  subjects  with  each  combination  of  RAR/3  expression  is  given.  RAR/3,  retinoic  acid  receptor;  IGF,  insulin-like  growth  factor; 
IGFBP,  IGF  binding  protein. 
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Growth  hormone  deficiency  is  also  associated  with  a 
decreased  muscle  mass  and  increased  body  fat,61  and  it  has 
been  hypothesized  that  low  IGF-I  concentrations  are  asso¬ 
ciated  with  high  body  fat,  weight  gain  over  time,  and  high 
body  mass  index.62  This  hypothesis  was  supported  by  a 
study  of  Swedish  men  and  women,  which  showed  an  inverse 
association  between  IGF-I  concentrations  and  body  mass 
index.53  However,  we  have  not  observed  such  correlation 
between  IGF-I  and  body  mass  index,  similar  to  the  Rancho 
Bernardo  study.59 

The  effects  of  smoking  on  serum  concentrations  of 
IGF-I  are  unclear.  A  positive  association  between  IGF-I 
concentrations  and  pack-years  of  smoking  and  a  negative 
association  between  pack-years  or  the  number  of  ciga¬ 
rettes/d  and  concentrations  of  IGFBP-3  have  been  shown.63 
However,  an  inverse  association  between  IGF-I  concentra¬ 
tions  and  smoking  has  been  also  reported  among  men, 
although  not  among  women.53  Recently,  Holmes  et  al58 
showed  that  lower  serum  concentrations  of  IGF-I  are  sig¬ 
nificantly  associated  with  smoking.  In  our  study  subjects, 
we  observed  a  very  modest  decrease  in  IGF-I  concentrations 
and  an  increase  in  IGFBP-3  concentrations  associated  with 
pack-years.  However,  smoking  history  generally  did  not 
affect  the  serum  concentrations  of  IGF-I  and  IGFBP-3  or 
the  molar  ratio  of  IGF-I  to  IGFBP-3. 

We  observed  that  subjects  in  the  9-ds-RA  group  had  a 
significant  decrease  in  their  IGF-I  serum  concentration,  an 
increase  in  their  IGFBP-3  serum  concentration,  and  a  de¬ 
crease  in  the  molar  ratio  of  IGF-I  to  IGFBP-3  compared  with 
subjects  in  the  placebo  group.  The  magnitude  of  the  9-ds-RA- 
induced  changes  in  the  IGF  axis  was  moderate.  This  may  be  a 
consequence  of  the  substantial  interindividual  variability  in 
concentrations  of  9-ds-RA  and  IGFs,  which  is  at  least  in  part 
genetically  driven.33  Given  the  potential  therapeutic  activity  of 
both  exogenous  growth  hormone  and  IGF-I  against  heart  fail¬ 
ure64  and  the  long-term  positive  association  between  the  de¬ 
cline  in  serum  IGF-I  concentrations  and  aging,65  a  moderate 
yet  durable  effect  of  9-ds-RA  on  the  IGF  axis  maybe  desirable 
in  a  preventive  context. 

Although  the  exact  mechanisms  underlying  the  modu¬ 
lation  of  the  IGF  axis  by  9-ds-RA  are  unclear,  several  in  vitro 
results  suggest  the  ability  of  retinoids  to  regulate  the  IGF 
axis;  retinoids  have  been  shown  to  regulate  the  expression 
of  IGFBPs22,23,66;  likewise,  IGFs  have  been  shown  to  mod¬ 
ulate  the  cellular  response  of  RAs,  and  vice  versa.24  The 
induction  of  IGFBP-3  expression  is  activated  by  retinoids. 
We  previously  demonstrated  that  all- trans- RA  increases 
IGFBP-3  expression  at  a  transcriptional  level  through  a 
RAR- a- dependent  signaling  pathway.22  It  is  well  known 
that  the  cellular  effects  of  RAs  are  mediated  by  RXRs  and 
RARs.  9-ds-RA  is  a  ligand  for  both  RXRs  and  RARs,  but  its 
affinity  for  RXRs  is  40-fold  higher  than  for  RARs.  On  the 
other  hand,  RA  is  primarily  a  ligand  for  RARs  and  only 
activates  RXRs  at  high  concentrations.67  Recently,  the 
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vitamin  D  receptor  has  been  identified  in  the  IGFBP-3 
promoter,  and  RXR  has  been  shown  to  be  required  for 
1,25-dihydroxyvitamin  D3-induced  gene  transcription.68 
Therefore,  treatment  with  9-ds-RA  could  lead  to  there  be¬ 
ing  available  ligand  for  activation  of  both  the  RARiRXR  and 
the  VDRiRXR  heterodimeric  complex,  so  that  IGFBP-3 
gene  transcription  could  be  efficiently  activated. 

Given  the  inverse  association  between  estrogen  and 
serum  IGF-I  concentrations,  the  ability  of  9-ds-RA  to  reg¬ 
ulate  type  1  17/3-hydroxysteroid  dehydrogenases,69  which 
catalyzes  the  conversion  of  estrone  and  17/3-estradiol,  could 
increase  the  level  of  17/3- estradiol,  the  physiologically  sig¬ 
nificant  molecule  of  estrogen,  and  thereby  decrease  IGF-I 
concentrations.  The  ability  of  estrogens  to  increase  the  ex¬ 
pression  of  vitamin  D  receptors  in  vitro70  may  also  contrib¬ 
ute  to  decreased  concentrations  of  IGF-I  by  inducing 
IGFBP-3  expression.71  Additional  work  will  be  necessary  to 
investigate  the  mechanism  that  mediates  the  regulation  of 
the  IGF  axis  by  9-ds-RA  in  former  smokers. 

Because  9-ds-RA  treatment  increased  the  tissue  ex¬ 
pression  of  RAR/3,  we  also  explored  the  correlation  between 
tissue  levels  of  RAR/3  and  serum  concentrations  of  the  IGF 
axis.  However,  we  did  not  find  any  significant  correlation 
between  the  modulation  of  the  serum  concentrations  of  IGF-I 
or  IGFBP-3  and  RAR/3  expression  in  the  tissue.  These  findings 
provide  evidence  that  the  mechanisms  involved  in  9-ds-RA- 
mediated  gene  expression  are  diverse  and  complex. 

In  conclusion,  we  are  the  first  to  show  that  3  months  of 
treatment  with  9-ds-RA  decreased  the  serum  level  of  IGF-I 
and  the  molar  ratio  of  IGF-I  to  IGFBP-3  and  increased  the 
serum  level  of  IGFBP-3  in  former  smokers.  These  effects 
may  contribute  to  the  chemopreventive  benefit  of  9-ds-RA 
to  former  smokers.  Despite  these  promising  findings,  en¬ 
thusiasm  for  the  use  of  9-ds-RA  as  a  chemopreventive  agent 
for  lung  cancer  could  be  tempered  by  the  toxic  effects  of  the 
agent.29  Although  there  were  no  serious  side  effects  such  as 
cardiovascular  problems,  pancreatitis,  or  death  in  the  sub¬ 
jects  treated  with  9-ds-RA  in  our  previous  prevention 
study,  and  only  one  patient  with  grade  4  hypertriglyceride¬ 
mia  stopped  9-ds-RA  treatment,  it  would  be  better  to  de¬ 
velop  newer  agents  that  are  related  to  9-ds-RA  but  that  do 
not  have  the  toxic  effects  of  9-ds-RA.  Because  9-ds-RA  can 
activate  both  RARs  and  RXRs  and  because  the  toxicities  are 
thought  to  be  mediated  by  RAR-RXR  heterodimers,  it  had 
been  suggested  that  “pure”  RXR  selective  synthetic  retin¬ 
oids  may  exert  the  beneficial  effects  of  retinoids  without  the 
toxicities.  Indeed,  a  group  of  RXR- selective  retinoids  (“rexi- 
noids”)  has  demonstrated  efficacy  with  fewer  adverse  effects 
in  patients  with  NSCLC  in  early  clinical  trials.72  Therefore, 
whether  rexinoids  regulate  the  IGF  axis  and  thereby  reduce 
lung  cancer  risk  would  be  a  worthwhile  topic  for  future  che- 
moprevention  trials  in  former  smokers.  In  addition,  because 
Ras-mediated  signaling  pathways  may  participate  in  the 
development  of  resistance  to  IGFBP-3,73  the  combination 
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of  RXR- selective  agonists  and  inhibitors  of  the  Ras- 
mediated  signaling  pathway  could  also  be  considered. 
Clearly,  additional  work  will  be  necessary  to  determine 
whether  the  modulation  of  the  IGF  axis  by  9-ds-RA  corre¬ 
lates  with  the  ability  to  reduce  lung  cancer  risk  in  former 
smokers.  In  addition,  further  investigation  into  the  role  of 
serum  concentrations  of  IGF-I  and  IGFBP-3  as  surrogate 


biomarkers  in  determining  the  chemopreventive  effects  of 
retinoids  are  warranted. 
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BRIEF 

COMMUNICATIONS 


Chemopreventive  Effects  of 
Deguelin,  a  Novel  Akt  Inhibitor, 
on  Tobacco-Induced  Lung 
Tumorigenesis 

Ho- Young  Lee,  Seung-Hyun  Oh, 

Jong  K.  Woo,  Woo- Young  Kim, 
Carolyn  S.  Van  Pelt,  Roger  E.  Price, 
Dianna  Cody,  Hai  Tran,  John  M. 
Pezzuto,  Robert  M.  Moriarty, 

Waun  Ki  Hong 


Tobacco  carcinogens  induce  Akt  acti¬ 
vation  and  lung  carcinogenesis.  We 
previously  demonstrated  that  degue- 
lin,  a  natural  plant  product,  specifi¬ 
cally  inhibits  the  proliferation  of 
premalignant  and  malignant  human 
bronchial  epithelial  cells  by  blocking 
Akt  activation.  To  evaluate  the  ability  of 
deguelin  to  block  tobacco  carcinogen- 
induced  lung  tumorigenesis,  we  evalu¬ 
ated  the  in  vivo  effects  of  deguelin  on 
Akt  activation  and  lung  tumorigenesis 
in  transgenic  mice  in  which  Akt  ex¬ 
pression  was  induced  by  tamoxifen 
and  in  4-(methylnitrosoamino)-l-(3- 
pyridyl)-l-butanone  (NNK)/benzo(a) 
pyrene  (BaP)-treated  A/J  mice.  Deg¬ 
uelin  suppressed  Akt  activation  in 
vivo,  as  measured  by  immunohisto- 
chemistry  and  immunoblotting,  and 
statistically  significantly  reduced 
NNK/BaP-induced  lung  tumor  multi¬ 
plicity,  volume,  and  load  in  A/J  mice, 
as  monitored  by  microcomputed  to¬ 
mography  image  analysis,  with  no  de¬ 
tectable  toxicity.  These  results  indicate 
that  deguelin  warrants  consideration 
as  a  chemopreventive  agent  for  early- 
stage  lung  carcinogenesis  in  a  clinical 
lung  cancer  chemoprevention  trial. 
[J  Natl  Cancer  Inst  2005;97:1695-9] 


In  the  United  States  and  western  Eu¬ 
rope,  lung  cancer  leads  all  other  cancers 
in  both  incidence  and  mortality  rate  ( 1 ), 
underscoring  the  need  for  effective  lung 


cancer  chemopreventive  agents.  Because 
tobacco  smoking  confers  the  greatest 
risk  of  developing  lung  cancer  (2),  mol¬ 
ecules  that  target  pathways  involved  in 
tobacco-mediated  lung  carcinogenesis 
could  be  effective  lung  cancer  chemo¬ 
preventive  agents.  The  PI3K/Akt  path¬ 
way  could  be  such  a  target  because  Akt 
is  activated  in  premalignant  and  malig¬ 
nant  human  bronchial  epithelial  cells,  as 
well  as  non-small-cell  lung  cancer  cells, 
through  the  activating  mutation  of  ras, 
overexpression  of  the  epidermal  growth 
factor  receptor  and  subunits  of  PI3K, 
inactivation  of  tumor  suppressor  genes 
such  as  PTEN,  or  exposure  to  tobacco 
carcinogens,  all  of  which  are  frequent 
events  in  lung  cancer  (3-9).  Akt  is  acti¬ 
vated  by  phosphorylation  at  two  key  regu¬ 
latory  sites,  Thr308  and  Ser473  (10).  Akt 
promotes  cell  survival  by  phosphorylat- 
ing  proapoptotic  and  antiapoptotic  pro¬ 
teins,  including  the  Bcl-2  family  member 
BAD,  caspase-9,  c  AMP  response  element¬ 
binding  protein,  inhibitor  of  kappaB 
kinase  complex  a,  and  forkhead  tran¬ 
scription  factor- 1  (11-19). 

We  and  others  have  shown  that  phar¬ 
macologic  and  genetic  approaches  tar¬ 
geting  Akt  suppress  the  proliferation  of 
premalignant  and  malignant  human 
bronchial  epithelial  cells  and  reverse 
characteristics  of  transformed  human 
bronchial  epithelial  cells  (20,21),  indi¬ 
cating  that  inhibitors  of  Akt  could  be  ef¬ 
fective  lung  cancer  chemopreventive 
agents.  We  have  previously  found  that 
deguelin,  isolated  from  several  plant 
species,  including  Mundulea  sericea 
( Leguminosae ),  inhibits  the  PI3K/Akt 
pathway  and  decreases  the  expression  of 
cyclooxygenase-2,  which  participates  in 
xenobiotic  metabolism,  angiogenesis, 
and  inhibition  of  immune  surveillance 
and  apoptosis  during  tumorigenesis  (22). 
Importantly,  deguelin  induces  apoptosis 
in  premalignant  and  malignant  human 
bronchial  epithelial  cells,  with  minimal 
effects  on  normal  human  bronchial  epi¬ 
thelial  cells  in  vitro  at  dosages  attainable 
in  vivo  (23).  Deguelin  has  been  shown 
to  have  cancer  chemopreventive  activi¬ 
ties  in  the  two- stage  skin  carcinogenesis 
model  (24)  and  in  the  N-nitroso-N- 
methylurea-induced  rat  mammary  carci¬ 
nogenesis  model  (25).  It  also  exhibits 
therapeutic  activities  in  colon  cancer, 
melanoma,  and  lung  cancer  (22,26,27). 
These  findings  led  us  to  hypothesize  that 
deguelin  could  be  an  effective  lung  can¬ 
cer  chemopreventive  agent  by  blocking 


Akt  activation.  In  the  present  study,  we 
attempted  to  test  our  hypothesis  in  Akt- 
inducible  transgenic  mice,  in  which  Akt 
is  activated  by  tamoxifen  (tmaAkt/ 
Z;CAG::Cre)  (28),  and  in  A/J  mice, 
in  which  lung  tumors  are  induced  by 
4-(methylnitrosoamino)- 1  -(3-pyridyl)- 1  - 
butanone  (NNK)  and  benzo(a)pyrene 
(BaP)  (20,29). 

To  test  the  effects  of  deguelin  on  Akt 
activation  in  tmaAkt/Z;CAG::Cre  mice, 
we  performed  immunohistochemical 
(Fig.  1,  A)  and  immunoblot  (Fig.  1,  B) 
analyses  with  phosphorylated  (p)Akt  (at 
Ser473)  on  lung  tissues  from  tmaAkt/ 
Z;CAG::Cre  mice  treated  with  4  mg/kg 
of  deguelin  for  3  days.  pAkt  staining  was 
homogeneous  in  the  bronchial  epithe¬ 
lium  of  the  control  and  deguelin-treated 
mice;  however,  levels  of  pAkt  in  the  lung 
tissues  of  control  mice  were  higher  than 
in  that  of  deguelin-treated  mice.  Western 
blot  analysis  also  showed  decreased  ex¬ 
pression  of  pAkt  in  the  lungs  of  degue¬ 
lin-treated  mice,  indicating  that  deguelin 
affects  Akt  activation  in  vivo. 

To  evaluate  the  chemopreventive 
effects  of  deguelin  in  the  A/J  mice,  we 
first  evaluated  the  serum  and  tissue  dis¬ 
tribution  of  deguelin  in  A/J  mice.  Fig.  2, 
A,  shows  the  concentration-time  curve 
of  deguelin  in  serum  and  various  organs 
after  oral  gavage  administration  of 
4  mg/kg  deguelin,  the  maximum  toler¬ 
ated  dose  in  rats  (25).  The  total  body 
clearance  of  deguelin  was  0.33  L/kg / 
hour,  the  apparent  volume  of  distribu¬ 
tion  was  1.86  F/kg,  and  the  half-life 
was  3.98  hours.  One  hour  after  the  treat¬ 
ment,  concentrations  of  deguelin  in 
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Fig.  1.  Effects  of  deguelin  on  Akt  activation  in  the  transgenic  mice  expressing  tamoxifen-inducible  Akt. 
The  mouse  line  expressing  tamoxifen-inducible  Akt  (tmaAkt/Z;CAG::Cre)  was  generated  by  crossing  the 
“master”  line  (CAG::loxP::CAT::loxP::tmaAkt::IRESLacZ)  (provided  by  Thomas  N.  Sato,  Weill  Medical 
College  of  Cornell  University,  New  York,  NY)  to  CMV:Cre  (distributed  by  the  Mouse  Resource  Facil¬ 
ity  at  M.  D.  Anderson  Cancer  Center,  Houston,  TX),  which  led  to  the  expression  of  inactive  (not  phos- 
phorylated)  Akt  by  excising  the  floxed  CAT.  Six- week-old  tmaAkt/Z;CAG::Cre  mice  were  orally  treated 
with  deguelin  (4  mg/kg)  during  feeding  twice  a  day  for  3  days  (five  mice/group)  and  then  were  injected 
intraperitoneally  with  5  mg  of  tamoxifen  (Sigma,  St.  Louis,  MO).  The  next  day,  the  mice  were  killed  by 
CO2  asphyxiation.  Lungs  were  surgically  removed,  and  A)  half  of  each  lung  was  fixed  with  10%  formal¬ 
dehyde,  embedded  in  paraffin,  sectioned  (5 -pm  thick),  and  processed  for  immunohistochemical  analysis. 
The  sections  were  deparaffinized,  immersed  in  methanol  containing  0.3%  hydrogen  peroxide  to  block 
endogenous  peroxidase  activity,  and  then  incubated  in  blocking  serum  (Vector  Laboratories,  Burlingame, 
CA)  to  reduce  nonspecific  antibody  binding.  The  sections  were  incubated  overnight  at  4  °C  with  rabbit 
polyclonal  anti -Akt  (diluted  1:100  in  2.5%  blocking  serum)  or  rabbit  polyclonal  anti -phosphorylated  Akt 
(pAkt,  Ser473)  (diluted  1:200)  (Cell  Signaling  Technology,  Beverly,  MA)  and  were  then  processed  using 
standard  avidin-biotin  immunohistochemical  techniques  according  to  the  manufacturer’s  recommenda¬ 
tions  (Vector  Laboratories,  Burlingame,  CA).  Diaminobenzidine  was  used  as  a  chromogen,  and  com¬ 
mercial  hematoxylin  was  used  as  a  counterstain.  B)  The  other  half  of  each  lung  was  lysed  in  150  m M 
NaCl,  20  mM Tris-HCl,  pH  7.5,  1%  Triton  X-100,  1  mM phenylmethylsulfonyl  fluoride,  10  mMEDTA, 
0.1  m M  vanadate,  and  1  pg/mL  aprotinin  by  mechanical  homogenization.  Equivalent  amounts  of  protein 
were  resolved  on  sodium  dodecyl  sulfate-polyacrylamide  gels  (10%)  and  electrophoretically  transferred 
to  nitrocellulose  membranes.  After  membranes  were  blocked  in  Tris-buffered  saline  (TBS)  containing 
0.05%  Tween-20  (TBST)  and  5%  (w/v)  nonfat  powdered  milk,  they  were  incubated  with  primary  antibod¬ 
ies  against  pAkt  (Ser473)  (1:1000)  and  unphosphorylated  Akt  (1:1000)  (Cell  Signaling  Technology, 
Beverly,  MA)  or  with  a  goat  polyclonal  anti-(3-Actin  (1:4000)  (Santa  Cruz  Biotechnology,  Inc.,  Santa 
Cruz,  CA)  in  TBS-5%  nonfat  milk  at  4  °C  for  16  hours.  The  membranes  were  then  washed  three  times 
with  TBST  and  incubated  with  secondary  antibody  for  1  hour  at  room  temperature.  The  goat  anti-rabbit 
immunoglobulin  G  (IgG)  or  bovine  anti-goat  IgG  horseradish  peroxidase-conjugated  complexes  were 
detected  using  the  enhanced  chemiluminescence  kit  (Amersham,  Arlington  Heights,  IL)  according  to  the 
manufacturer’s  recommended  protocol. 


various  organs  ranged  from  less  than 
1  ng/mL  in  the  brain  tissue  to  57. 1  ng/mL 
in  the  kidneys.  The  peak  concentration 
in  these  organs  occurred  between  1  hour 
(lung,  heart,  and  kidney)  and  6  hours 
(liver)  after  administration.  These  stud¬ 


ies  indicate  that  oral  deguelin  adminis¬ 
tration  can  achieve  effective  absorption 
and  distribution  in  several  organs,  in¬ 
cluding  the  lung. 

We  next  tested  the  chemopreventive 
effects  of  deguelin  in  the  A/J  mice,  in 


which  lung  carcinogenesis  was  induced 
by  NNK  and  BaP,  as  previously  de¬ 
scribed  (30).  Cancer  chemopreventive 
agents  are  classified  as  either  blocking 
or  suppressing  agents  (31).  Blocking 
agents,  which  prevent  the  metabolic 
activation  of  carcinogens  and  reduce 
DNA  damage,  are  tested  by  administer¬ 
ing  them  before  or  simultaneously  with 
the  carcinogen.  Suppressing  agents, 
which  inhibit  the  neoplastic  progression 
of  premalignant  cells,  are  usually  tested 
by  administering  them  after  the  carcino¬ 
gen  (32).  Hence,  deguelin  (4  mg/kg  twice 
a  day)  was  administered  either  1  week 
after  the  first  dose  of  NNK/BaP  (entire 
period,  group  3)  or  after  completion  of 
carcinogen  administration  (postcarcino¬ 
gen,  group  4)  (Fig.  2,  B).  A/J  mice  un¬ 
treated  (group  1)  or  treated  with  NNK 
plus  BaP  (group  2)  received  only  the  ve¬ 
hicle  (com  oil)  during  this  period.  Six¬ 
teen  and/or  20  weeks  after  the  first  dose 
of  NNK  and  BaP,  representative  A/J 
mice  from  groups  1,  2,  and  3  were  ana¬ 
lyzed  by  microcomputed  tomography  to 
monitor  changes  in  the  number  and  size 
of  lung  tumor  nodules.  The  lung  struc¬ 
ture  in  a  control  mouse  (Fig.  2,  C,  1)  and 
tumor  nodules  (Fig.  2,  C,  2)  less  than 
1  mm  in  diameter  in  a  NNK/BaP-treated 
mouse  (10)  were  easily  detected  and 
were  consistent  with  the  block-faced 
image  (Fig.  2,  C,  3)  at  16  weeks.  A  sec¬ 
ond  NNK/BaP-treated  mouse  (33)  had 
two  tumor  nodules  (0.4  mm  and  0.55 
mm)  at  16  weeks  (Fig.  2,  C,  4)  that  be¬ 
came  larger  (0.4  mm  to  0.6  mm  and  0.55 
mm  to  1  mm)  at  20  weeks  (Fig.  2,  C,  5), 
when  a  new  tumor  nodule  (0.8  mm)  was 
observed.  In  contrast,  a  tumor  nodule 
(1.1  mm)  detected  at  1 6  weeks  (Fig.  2,  C, 
6)  in  the  deguelin-treated  mouse  was  not 
detectable  at  20  weeks  (Fig.  2,  C,  7).  All 
mice  were  killed  at  20  weeks.  Gross 
evaluation  revealed  no  tumors  in  the 
lungs  of  control  mice  (group  1 )  and  1 00% 
lung  tumor  formation  in  NNK/BaP- 
treated  mice  (group  2)  (Supplementary 
Fig.  1  and  Supplementary  Table  1  avail¬ 
able  at  http://jncicancerspectrum.oxford 
j  oumals.org/jnci/content/vol97/issue22) . 
Deguelin-treated  mice  had  fewer  lung 
tumors  (Supplementary  Fig.  1  and  Sup¬ 
plementary  Table  1  available  at  http:// 
j  ncicancerspectrum.  oxfordj  ournals .  org  / 
jnci/content/vol97/issue22);  mice  in  groups 
3  and  4  had  fewer  lung  tumor  nodules 
than  NNK/BaP-treated  mice  in  group  2 
(mean  =  4.57  versus  mean  =11.0,  differ¬ 
ence  =  6.43,  95%  confidence  intervals 
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Fig.  2.  Evaluation  of  the  chemopreventive  effects  of  deguelin  in  the  A/J  mice. 
A)  Six- week-old  A/J  mice  were  given  4  mg/kg  deguelin  orally.  The  serum  and 
indicated  organ  samples  were  collected  at  0  (baseline),  1  (purple),  2  (turquoise), 
4  (blue),  6  (green),  12  (brown),  or  24  (orange)  hours  after  deguelin  administra¬ 
tion.  Blood  samples  were  immediately  placed  on  ice  and  centrifuged  at  2000g 
at  4  °C  for  15  minutes,  and  the  serum  was  stored  at  -70  °C  until  analysis.  The 
mice  were  killed  prior  to  organ  sample  collection.  Each  organ  sample  was  sus¬ 
pended  in  acetonitrile,  sonicated,  and  then  centrifuged  at  1500g  for  3  minutes 
at  4  °C.  The  liquid-tissue  extraction  process  was  repeated  three  times,  and  each 
time,  100  pL  of  supernatant  was  collected.  To  the  final  300-pL  sample,  2700  pL 
of  0.1  M  ammonium  acetate,  pH  5.5,  was  added.  Deguelin  was  isolated  from 
both  serum  and  organ  (liquid-extracted)  samples  by  solid-phase  chromatogra¬ 
phy  (tC18  solid-phase  extraction  [SPE]  cartridge,  100  mg,  Waters  Corp,  Mill- 
ford,  MA).  After  the  SPE  cartridge  was  conditioned  with  2  mL  of  methanol  and 
2  mL  of  high-performance  liquid  chromatography-grade  water,  either  100  pL 
of  serum  or  3  mL  (a  volume  of  1  mL  pulled  through  the  column  each  time)  of 
liquid-extracted  sample  was  placed  into  the  SPE  cartridge.  Deguelin  was  eluted 
with  1  mL  of  methanol,  dried,  and  then  reconstituted  with  a  100-pL  mixture  of 
methanol  and  0.1%  formic  acid  (50:50,  v/v).  Thirty  microliters  of  the  reconsti¬ 
tuted  sample  was  then  injected  onto  a  high-performance  liquid  chromatography 
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mass  spectrometer  (LC/MS-ES+,  MicroMass,  Beverly,  MA).  Standard  cali¬ 
bration  curves  for  deguelin  ranged  from  5  to  1000  ng/mL.  The  lower  limit  of 
quantitation  was  0.01  ng/mL.  Pharmacokinetic  modeling  was  completed  using 
a  noncompartment  method  (WinNonlin  version  3.1,  Pharsight  Corporation, 
Mountain  View,  CA).  The  results  are  expressed  as  means  and  95%  confidence 
intervals  (CIs),  four  mice/group.  B-E)  Six-week-old  male  A/J  mice  (Jackson 
Laboratories,  Bar  Harbor,  ME)  were  randomized  into  three  groups  of  12-14 
mice  (groups  2-4).  We  included  five  untreated  A/J  mice  (group  1)  as  a  negative 
control.  Except  for  group  1,  all  mice  were  treated  with  4-(methylnitrosoamino)- 
l-(3-pyridyl)-l-butanone  (NNK)/benzo(a)pyrene  (BaP)  (3  pmol  each  in  0. 1  mL 
cottonseed  oil)  once  per  week  for  8  weeks  by  oral  gavage.  Vehicle  (groups  1 
and  2)  or  deguelin  (groups  3  and  4)  was  administered  by  oral  gavage  (4  mg/kg 
twice  a  day)  beginning  1  week  after  the  first  dose  of  NNK/BaP  (entire  period) 
(group  3)  or  after  the  last  dose  of  NNK/BaP  treatment  (postcarcinogen)  (group 
4)  until  the  end  of  the  experiment.  The  experimental  design  is  summarized  in 
(B).  During  the  experiments,  drinking  water  was  available  ad  libitum,  and  the 
body  weights  of  the  mice  were  measured  at  0,  8,  and  20  weeks.  Arrows  indicate 
the  time  points  at  which  microcomputed  tomography  (CT)  image  analysis  was 
performed.  C)  Registered  axial  respiratory-gated  micro-CT  image  and  block¬ 
faced  image  analyses  were  performed  in  one  of  the  A/J  mice  at  16  and  20  weeks 
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[CIs]  on  the  difference  =  3.25  to  9.60, 
P  =  <.001  for  group  3;  mean  =  7.60 
versus  mean  =  11.0,  difference  =  3.4, 
95%  CIs  on  the  difference  =  -0.39  to 
7.19,  P  =  .085,  Fig.  2,  D).  Microscopic 
evaluation  of  the  lungs  revealed  a  statis¬ 
tically  significant  decrease  in  tumor 
multiplicity,  the  number  of  tumors  in¬ 
side  the  lung  (group  3:  59.4%;  mean  = 
1.70  tumors/slide,  difference  =  2.48, 
95%  CIs  on  the  difference  =  0.97  to  4.0, 
P  =  .007;  and  group  4:  48.8%;  mean  = 
2.14  tumors/slide,  difference  =  2.04, 
95%  CIs  on  the  difference  =  0.52  to 
3.56,  P=  .046),  volume  (group  3:  76.1%; 
mean  =  0.016  mm3,  difference  =  0.051, 
95%  CIs  on  the  difference  =  0.021  to 
0.082,  P  =  .007;  and  group  4:  83.58%; 
mean  =  0.011  mm3,  difference  =  0.056, 
95%  CIs  on  the  difference  =  0.019  to 
0.093,  P  =  .012),  and  load  (group  3: 
89.3%;  mean  =  0.032  mm3,  difference  = 
0.27,  95%  CIs  on  the  difference  =  0.051 
to  0.48,  P  =  .009;  and  group  4:  92.3%; 
mean  =  0.023  mm3,  difference  =  0.27, 
95%  CIs  on  the  difference  =  0.06  to 
0.49,  P  =  .006)  in  the  deguelin-treated 
mice  compared  with  the  NNK/BaP  - 
treated  mice  in  group  2  (tumor  multi¬ 
plicity,  mean  =  4.182  tumors/slide; 
volume,  mean  =  0.067  mm3;  load,  mean  = 
0.298  mm3).  Mice  in  groups  3  and  4 
showed  a  statistically  non- significant 
decrease  in  body  weight  compared  with 
mice  in  groups  1  and  2. 

Immunohistochemical  analysis  re¬ 
vealed  stronger  cytoplasmic  and  nuclear 
pAkt  staining  in  airway  epithelial  cells 
(Fig.  2,  E,  2)  in  mice  in  group  2  com¬ 
pared  with  those  in  group  1  (Fig.  2,  E,  1) 
and  group  3  (Fig.  2,  E,  3).  The  tumors  in 
group  2  (Fig.  2,  E,  4)  also  showed  stron¬ 
ger  pAkt  staining  compared  with  those 
in  group  3  (Fig.  2,  E,  5). 


In  spite  of  its  potential  as  a  cancer 
chemopreventive/therapeutic  agent,  there 
is  concern  about  possible  side  effects  of 
deguelin  treatment.  Deguelin  is  derived 
from  rotenone,  which  can  inhibit  NADH: 
ubiquinone  oxidoreductase,  an  enzyme 
complex  involved  in  mitochondrial  oxi¬ 
dative  phosphorylation  (34),  and  induce 
cardiotoxicity,  respiratory  depression,  and 
nerve  conduction  blockade  at  high  doses 
(a  dose  that  is  lethal  to  50%  of  those  ex¬ 
posed  =  10-100  g  in  humans).  However, 
we  did  not  observe  major  toxicity  or 
substantial  loss  of  body  weight  in  the 
deguelin-treated  A/J  mice  at  the  dose  used 
in  this  study.  Deguelin  is  also  safer  in 
terms  of  its  mechanism  of  action,  which 
differs  from  that  of  rotenone,  which  in¬ 
hibits  tubulin  polymerization.  Addition¬ 
ally,  deguelin  rapidly  decomposes  in  light 
and  air.  All  of  these  results  suggest  that 
deguelin  would  be  harmless  when  orally 
administered.  Moreover,  in  contrast  to 
some  natural  products  presently  used  in 
cancer  chemoprevention  and  therapy, 
deguelin  could  be  easily  synthesized  us¬ 
ing  commercially  available  rotenone  as  a 
starting  material;  therefore,  its  clinical  use 
as  a  lung  cancer  chemopreventive  agent  is 
feasible.  These  collective  findings  pro¬ 
vide  a  strong  rationale  for  testing  deguelin 
in  a  phase  I  clinical  trial  of  lung  cancer 
chemoprevention  after  its  complete  toxic¬ 
ity  profile  in  humans  is  known. 
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using  a  model  RS-9  tabletop  CT  scanner  (General  Electric  Medical  Systems, 
London,  Ontario)  as  previously  described  (35,36).  The  technique  used  was 
80  kVp  and  450  pA,  with  720  views  obtained  at  0.5-degree  increments  at 
400  msec  per  view.  The  radiation  dose  delivered  during  this  scan  was  ap¬ 
proximately  0.26  Gy.  Labview  software  (National  Instruments,  Austin,  TX) 
provided  an  interface  for  selecting  the  mouse  respiratory  parameters.  The 
Feldkamp  reconstruction  method  was  used  to  normalize  the  raw  images  and  to 
correct  for  nonuniformities  in  the  detector  (35).  Images  were  formed  with  isotropic 
91 -mm  voxels.  NNK/BaP-treated  mice  sections  (10)  were  fast-frozen  immediate¬ 
ly  after  their  micro-CT  scan  session  to  confirm  their  position  in  the  images  relative 
to  block-faced  pathologic  sections.  A  representative  micro-CT  (1, 2, 4-7)  orblock¬ 
faced  (3)  image  analysis  of  the  lungs  from  a  control  mouse  (1)  or  mice  treated  with 
NNK/BaP  alone  (2-5)  or  with  NNK/BaP  plus  deguelin  (group  3)  at  16  (4,  6)  and 
20  (5, 7)  weeks  is  shown.  1  =  lung;  e  =  esophagus;  v  =  thoracic  vertebra;  L  =  liver; 
s  =  spinal  cord.  D)  Postmortem  examinations  were  performed  on  the  lungs  of 
the  A/J  mice  after  mice  were  killed  at  20  weeks.  The  lung  tissues  were  fixed  in 
Bouin’s  solution,  and  the  gross  tumor  nodules  (lung  tumors/slide)  were  counted. 
Microscopic  evaluation  of  lung  tissues  was  also  performed  to  measure  mean  tumor 
number  (N),  volume  (V),  and  total  tumor  load  (N  x  V)  in  a  blinded  fashion.  The 


tumor  volume  was  calculated  by  the  formula  of  V  (mm3)  =  (long  diameter  x  short 
diameter2)/2.  The  number  and  size  of  tumors  in  five  sections  distributed  uniformly 
through  each  lung  were  calculated.  Body  weight  of  the  mice  was  measured  at 
0  (baseline),  8,  and  20  weeks  (wks).  Effects  of  deguelin  on  lung  tumorigenesis  were 
expressed  by  means  and  95%  CIs  of  tumor  nodules/mouse,  tumor  nodules/slide 
(multiplicity),  volume,  and  load  from  12  (group  2)  or  14  (groups  3  and  4)  sam¬ 
ples.  The  data  were  analyzed  in  comparison  with  that  from  the  mice  treated  with 
NNK/BaP  (group  2).  We  set  values  from  group  2  at  100%  and  then  calculated  the 
others  as  a  percentage  of  that.  Differences  between  groups  were  compared  using  the 
t  test  or  Mann- Whitney  statistical  test.  Differences  were  considered  statistically 
significant  ifP<  .05.  Histopathologic  evidence  of  pulmonary  toxicity,  i.e.,  edema 
or  inflammation  of  the  bronchial  epithelium  and  alveoli  and  inflammation  and 
injury  in  other  organs  were  evaluated  by  a  veterinary  pathologist.  These  animal 
studies  were  approved  by  M.  D.  Anderson  Cancer  Center’s  Institutional  Animal 
Care  and  Use  Committee.  E)  After  the  evaluation  of  tumor  nodules,  lung  tissues 
were  surgically  removed  and  paraffin  embedded.  Bronchial  epithelium  (1,  2,  3) 
and  lung  adenoma  (4,  5)  lesions  in  the  A/J  mice  that  were  untreated  (1)  or  treated 
with  NNK/BaP  alone  (2,  4)  or  NNK/BaP  plus  deguelin  (3,  5)  were  processed  for 
immunohistochemical  analysis  with  anti-pAkt  (Ser473)  as  described  in  Fig.  1. 
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Abstract 

Lung  cancer  is  the  leading  cause  of  cancer-related  mortality  worldwide.  Early  detection  or  prevention 
strategies  are  urgently  needed  to  increase  survival.  Hyperplasia  is  the  first  morphologic  change  that 
occurs  in  the  bronchial  epithelium  during  lung  cancer  development,  followed  by  squamous  meta¬ 
plasia,  dysplasia,  carcinoma  in  situ,  and  invasive  tumor.  This  study  was  designed  to  determine 
the  molecular  mechanisms  that  control  bronchial  epithelium  hyperplasia.  Using  primary  normal 
human  tracheobronchial  epithelial  (NHTBE)  cells  cultured  by  using  the  3-dimensional  (3D)  orga¬ 
notypic  method,  we  found  that  the  epidermal  growth  factor  receptor  (EGFR)  ligands,  EGF,  TGF-a, 
and  amphiregulin  induced  hyperplasia,  as  determined  by  cell  proliferation  and  multilayered  epithe¬ 
lium  formation.  We  also  found  that  EGF  induced  increased  cyclin  D1  expression,  which  plays  a  critical 
role  in  bronchial  hyperplasia;  this  overexpression  was  mediated  by  activating  the  mitogen-activated 
protein  kinase  pathway  but  not  the  phosphoinositide  3-kinase/Akt  signaling  pathway.  Erlotinib, 
an  EGFR  tyrosine  kinase  inhibitor,  and  U0126,  a  MAP/ERK  kinase  (MEK)  inhibitor,  completely 
inhibited  EGF-induced  hyperplasia.  Furthermore,  a  promoter  analysis  revealed  that  the  activator 
protein- 1  transcription  factor  regulates  EGF-induced  cyclin  D1  overexpression.  Activator  protein- 1 
depletion  by  using  siRNA  targeting  its  c-Jun  component  completely  abrogated  EGF-induced  cyclin 
D1  expression.  In  conclusion,  we  showed  that  bronchial  hyperplasia  can  be  modeled  in  vitro  by  using 
primary  NHTBE  cells  maintained  in  a  3D  organotypic  culture.  EGFR  and  MEK  inhibitors  completely 
blocked  EGF-induced  bronchial  hyperplasia,  suggesting  that  they  have  a  chemopreventive  role. 
Cancer  Prev  Res;  4(8);  1-10.  ©2011  AACR. 


Introduction 

Hyperplasia  in  the  bronchial  epithelium,  as  evidenced  by 
increased  cell  proliferation,  is  associated  with  conditions 
such  as  trauma,  smoking,  chronic  cough,  chronic  inflam¬ 
matory  airway  disease,  and  cancer.  It  is  the  first  of  several 
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progressive,  cumulative,  genetic,  and  morphologic  changes 
associated  with  lung  squamous  cell  carcinoma,  followed 
by  squamous  metaplasia,  dysplasia,  and  carcinoma  in  situ 
(1-3).  These  extensive,  multifocal  changes  occur  through¬ 
out  the  respiratory  tree  when  the  lungs  are  chronically 
exposed  to  common  carcinogens,  a  phenomenon  known 
as  field  cancerization  (4). 

In  the  developed  lung,  growth  factors  and  their  signaling 
receptors  support  cellular  activities  in  equilibrium,  preser¬ 
ving  normal  lung  structure,  and  function  (5).  However,  this 
homeostatic  control  can  be  compromised  during  the  accu¬ 
mulation  of  genetic  and  molecular  alterations  that  lead  to 
lung  cancer.  Several  decades  of  research  have  revealed  that 
the  ErbB  system  is  a  critical  growth  factor  system  in  normal 
and  abnormal  epithelial  cell  proliferation  (6,  7).  The  ErbB 
family,  ErbB  1-4,  plays  an  important  role  in  lung  cancer 
development.  In  addition,  several  ErbB  ligands  are  aber¬ 
rantly  regulated  in  cancer  cells.  Therefore,  we  hypothesized 
that  bronchial  hyperplasia  results  from  ErbB  hyper¬ 
activation  in  bronchial  epithelial  cells.  To  test  this  hypoth¬ 
esis,  we  evaluated  ErbB  ligands  for  their  ability  to  induce 
bronchial  hyperplasia  by  using  a  3 -dimensional  (3D)  orga¬ 
notypic  air-liquid  interface  primary  bronchial  epithelial 
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cell  culture  system  (8-10).  We  then  determined  which 
downstream  signaling  pathways  and  genes  were  involved 
in  bronchial  hyperplasia  development.  Epidermal  growth 
factor  receptor  (EGFR)  ligands  induce  bronchial  hyperpla¬ 
sia  via  the  MAP/ERK  kinase  (MEK)/extracellular  signal 
regulated  kinase  (ERK)  signaling  pathway.  EGF-induced 
cyclin  D1  overexpression  plays  a  critical  role  in  the  devel¬ 
opment  of  bronchial  hyperplasia.  EGFR  and  MEK  inhibitors 
completely  blocked  EGF-induced  bronchial  hyperplasia. 

As  monotherapy,  erlotinib,  a  small  molecular  inhibitor 
targeting  the  intracellular  tyrosine  kinase  domain  of  EGFR, 
significantly  prolonged  survival  in  previously  treated 
advanced  non- small  cell  lung  cancer  (NSCLC)  patients 
compared  with  placebo  (13)  and  was  recently  approved  by 
the  Food  and  Drug  Administration.  Erlotinib  has  antipro¬ 
liferative  effects  arising  from  Gi  arrest  and  proapoptotic 
effects  on  cancer  cells  (14).  However,  its  effects  on  normal 
and  hyperplastic  bronchial  epithelial  cells  are  unknown. 
Our  results  showed  that  erlotinib  blocks  EGF-induced 
bronchial  hyperplasia  and  can  reverse  hyperplasia,  restor¬ 
ing  normal  bronchial  epithelial  morphologic  characteris¬ 
tics.  We  identified  several  mechanisms  involved  in  the 
onset  of  changes  leading  to  lung  cancer,  such  as  abnormal 
cell  proliferation,  which  may  be  targets  for  preventing 
malignant  progression. 

Materials  and  Methods 

Chemicals 

Erlotinib  (LKT  Laboratories,  Inc.),  U0126,  LY294002, 
and  Akt  inhibitor  VIII  (Calbiochem)  were  dissolved  in 
dimethylsulfoxide . 

Cells 

Normal  human  tracheobronchial  epithelial  (NHTBE) 
cells  were  obtained  from  the  Lonza  Walkersville,  Inc. 
A549  lung  cancer  cells  were  obtained  from  the  American 
Type  Culture  Collection.  We  authenticated  A549  cell  by 
genotyping  through  MD  Anderson  Cancer  Center  DNA 
analysis  core  facility. 

3D  organotypic  air-liquid  interface  cell  culture  and 
treatment 

We  cultured  NHTBE,  or  A549  cells  by  using  the  3D 
organotypic  air-liquid  interface  method  described  pre¬ 
viously  (9,  11).  The  medium  in  the  bottom  chamber 
was  changed  every  24  hours.  We  treated  7-day-old  con¬ 
fluent  NHTBE  cells  grown  on  a  porous  membrane  of  a 
Transwell  plate  with  various  ligands  (Sigma- Aldrich)  for 
ErbB  receptors,  EGF  (10  ng/mL),  TGF-a  (10  ng/mL), 
amphiregulin  (AR,  50  ng/mL),  or  heregulin  (HR,  100 
ng/mL)  for  4  days.  The  ligands  were  included  only  in  basal 
media,  and  the  apical  side  of  the  cultures  was  exposed 
to  air  by  removing  the  media  overlaying  the  cells  in  the 
upper  side  of  the  well.  For  dose-dependent  experiments, 
we  used  0.5,  2.0,  5.0,  10,  and  25  ng/mL  of  EGF.  For  time- 
dependent  experiments,  we  cultured  cells  with  5  ng/mL 
of  EGF  for  1  to  4  days. 


Western  blot  analysis 

We  prepared  total  protein  extracts  by  using  cold  radio- 
immunoprecipitation  assay  lysis  buffer  (50  mmol/L  HEPES, 
pH  7.4;  1%  NP-40,  150  mmol/L  NaCl,  1  mmol/L  EDTA, 
phosphates  inhibitors,  and  protease  inhibitors).  Protein 
(15  pg)  was  resolved  by  10%  SDS-PAGE  gel.  Membranes 
were  incubated  with  rabbit  polyclonal  antibodies  against 
cAMP  responsive  element  binding  protein  (CREB),  phos- 
pho-CREB-133  (Upstate  Biotechnology),  ERK,  phospho- 
ERK-202/204,  cyclin  Al,  cyclin  Bl,  cyclin  Dl,  cyclin  E2, 
Akt,  phospho-Akt-473,  c-Jun,  phospho-c-Jun-73,  p-EGFR- 
1068,  and  EGFR  (Cell  Signaling  Technology)  overnight. 
(3-Actin  (clone  AC- 15;  Sigma-Aldrich)  was  used  as  a  load¬ 
ing  control.  The  reaction  of  proteins  with  primary  antibo¬ 
dies  was  visualized  with  horseradish  peroxidase-conjugated 
secondary  antibody  and  enhanced  chemiluminescence 
reagents  (GE  Healthcare). 

siRNA 

Human  c-Jun  (accession  no.  NM_002228)  siRNAs  were 
used  to  knock  down  c-Jun  expression  (Sigma-Aldrich), 
according  to  the  manufacturers  instructions.  A  mixture 
of  several  siRNAs  ensured  that  the  targeted  gene  product 
was  effectively  deleted.  Cells  at  60%  to  70%  confluency 
were  transfected  for  48  hours  with  a  final  concentration  of 
100  nmol/L  c-Jun  siRNA  or  nonspecific  control  pooled 
siRNAs  by  using  the  Dharmafect  1  transfection  reagent 
(Dharmacon),  according  to  the  manufacturers  instruc¬ 
tions.  The  cells  were  treated  with  EGF  (5  ng/mL)  for 
24  hours,  when  target  protein  levels  had  been  reduced 
more  than  70%,  as  assessed  by  Western  blot  analysis. 

Immunohistochemistry  and  immunofluorescence 

The  NHTBE  cells  were  fixed  in  neutral-buffered  formalin 
and  embedded  in  paraffin.  Sections  (5  pm  each)  were 
prepared  by  using  a  microtome,  mounted  on  slides,  depar- 
affinized  in  xylene,  rehydrated  in  graded  alcohols,  and 
washed  in  distilled  water.  Endogenous  peroxidases  were 
quenched  by  incubation  in  3%  H202.  Antigens  were 
retrieved  by  microwaving  the  sections  in  10  mmol/L  citric 
acid  (pH  6.0)  for  5  minutes.  The  slides  were  washed  3  times 
with  PBS  and  blocked  for  30  minutes  with  10%  normal 
goat  serum  in  1%  bovine  serum  albumin  (BSA)/PBS. 
Immunohistochemical  staining  was  visualized  by  using 
the  Histostain-Bulk-SP  and  the  AEC  red  substrate  kits 
(Zymed  Laboratories).  Immunohistochemical  staining 
without  a  primary  antibody  was  done  as  a  negative  control. 
Immunofluorescence  staining  was  visualized  by  using  Cy-3 
(Jackson  ImmunoResearch)  and  4',6-diamidino-2-pheny- 
lindole  (Invitrogen).  Stained  slides  were  visualized  with  an 
Axioskop  40  fluorescence  microscope  (Carl  Zeiss);  the 
images  were  captured  at  a  magnification  of  200  x  and 
stored  by  using  Axiovision  LE  software  v4.5  (Carl  Zeiss) 
according  to  the  manufacturer's  instructions. 

Luciferase  reporter  assay 

NHTBE  cells  (5  x  104)  were  cultured  in  12-well  tissue 
culture  plates  (Corning)  overnight  and  cotransfected  with 
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cyclin  D1  promoter-luciferase  constructs  (wild  type,  AP-1 
site  mutant,  or  CRE  site  mutant;  kindly  provided  by 
Dr.  Richard  Pestell  at  Thomas  Jefferson  University)  and 
Renilla  luciferase  control  vector  by  using  Lipofectamin 
2000  (Invitrogen).  After  24  hours,  the  culture  medium 
was  changed  to  0.1%  BSA  in  bronchial  epithelial  basal 
medium  (BEBM;  Lonza  Walkersville,  Inc.),  and  cells  were 
treated  with  or  without  EGF  (5  ng/mL)  for  24  hours.  Luci¬ 
ferase  activity  was  detected  by  using  the  dual-luciferase 
reporter  assay  (Promega)  and  measured  by  using  a  Lumat 
LB  9507  tube  luminometer  (Berthold).  All  assays  were  done 
in  triplicate  and  repeated  at  least  3  times.  Figures  show 
representative  results. 

Hyperplasia  evaluation  via  cell  layer  thickness  and  cell 
number 

To  determine  ErbB  receptors  ligands’  effects  on  the 
histomorphologic  characteristics  of  NHTBE  cells,  we 
incubated  NHTBE  cells  with  EGF  (10  ng/mL),  TGF-a 
(10  ng/mL),  AR  (50  ng/mL),  or  HR  (100  ng/mL)  for 
4  days.  After  making  paraffin-embedded  blocks,  we  cap¬ 
tured  3  images  from  each  block  within  a  10-mm  area 
from  the  center  of  the  Transwell  membrane  with  an 
Axioskop  40  microscope  (Carl  Zeiss)  under  light  micro¬ 
scopy  (200 x).  To  evaluate  hyperplasia,  we  measured 
thickness  by  using  Axiovision  LE  software  v4.5  (Carl 
Zeiss)  according  to  the  manufacturer's  instructions. 
Total  cell  numbers  in  the  captured  area  were  counted 
manually  under  light  microscopy  (200 x).  Bars,  SE; 
**,  P  <  0.01  and  ***,  P  <  0.001. 

Statistical  analysis 

For  each  experimental  outcome,  descriptive  statistics 
(mean,  SD,  median,  and  range)  were  summarized  for  each 
group.  An  AN OVA  model  was  used  to  detect  any  differences 
between  treatment  and  control  groups. 

Results 

EGFR  ligands  induce  hyperplasia  in  bronchial 
epithelial  cells  grown  in  3D  organotypic  culture 

To  determine  whether  ErbB  receptors  are  involved  in 
bronchial  hyperplasia  morphologic  changes,  we  cultured 
NHTBE  cells  by  using  the  organotypic  air-liquid  interface 
method  with  various  ErbB  receptor  ligands,  including 
EGF  (10  ng/mL),  TGF-a  (10  ng/mL),  AR  (50  ng/mL), 
and  HR  (100  ng/mL),  for  4  days.  We  histochemically 
evaluated  ErbB  ligands’  effects  on  morphologic  changes 
in  NHTBE  cells  and  found  that  the  NHTBE  cell  layer  was 
statistically  significantly  thicker  after  treatment  with 
EGFR  ligands,  EGF,  TGF-a,  and  AR  but  not  with  HR 
(Fig.  1A).  Quantitative  changes  are  shown  as  mean  thick¬ 
nesses:  control  =  13  (±  2)  pm,  EGF  treated  =  42  (±6)  pm, 
TGF-a  treated  =  31  (±4)  pm,  AR  treated  =  28  (±3)  pm, 
and  HR  treated  =15  (±2)  pm  cells.  These  data  clearly 
show  that  high  EGFR  ligand  concentrations  induce  bron¬ 
chial  epithelial  cell  hyperplasia.  The  most  prominent 
hyperplastic  morphologic  changes  in  NHTBE  cell  culture 


histologic  patterns  were  induced  by  EGF;  therefore,  we 
selected  EGF  for  subsequent  study. 

To  determine  dose-dependent  effects  of  EGF  on 
NHTBE  cell  hyperplasia,  we  incubated  NHTBE  cells 
with  EGF  for  4  days.  Immunohistochemical  analysis 
and  cell  quantitation  clearly  indicated  that  EGF-induced 
hyperplasia  in  a  dose-dependent  manner.  NHTBE 
cell  layers  were  significantly  thicker  after  treatment 
with  5  ng/mL  of  EGF,  and  cell  quantitation  showed  a 
similar  pattern  (Fig.  IB).  To  determine  time-dependent 
effects  of  EGF,  we  incubated  NHTBE  cells  with  5  ng/mL 
of  EGF  for  1  to  4  days.  The  NHTBE  cell  layer  expanded  in 
a  time-dependent  manner.  Four  days  of  treatment  re¬ 
sulted  in  an  approximately  2. 5 -fold  increase  in  cell  num¬ 
ber  and  cell  layer  thickness  (Fig.  1C). 

EGF  induces  cell  proliferation  at  only  the  basal  layer 
of  NHTBE  cell  cultures 

Multilayered  hyperplasia  is  believed  to  result  from 
uncontrolled  bronchial  epithelial  cell  proliferation.  To 
identify  the  specific  NHTBE  cell  population  after  EGFR 
ligand  exposure,  we  conducted  Ki-67  immunostaining  in 
NHTBE  cells  grown  in  a  3D  organotypic  culture  system. 
We  used  A549  cells  as  a  positive  control  As  shown  in 
Figure  2,  immunohistochemical  (Fig.  2A)  and  immuno¬ 
fluorescence  (Fig.  2B)  analyses  of  Ki-67  as  a  cell  pro¬ 
liferation  indicator  revealed  positive  staining  in  cells  in 
the  basal  layer  of  NHTBE  cell  cultures.  In  contrast,  Ki-67- 
positive  cells  were  detected  randomly  in  both  basal 
and  parabasal  layers  in  A549  cells.  These  results  indicate 
that  only  NHTBE  cells  in  the  basal  layer  divide  and  grow 
in  response  to  EGF;  cancer  cells  are  not  limited  to  the 
basal  layer. 

MEK/ERK  pathway  is  a  critical  signaling  pathway  for 
EGF-induced  NHTBE  cell  hyperplasia 

The  MEK/ERK  and  PI3-K/Akt  pathways  are  well-estab¬ 
lished  downstream  signaling  pathways  of  the  EGF-EGFR 
pathway  (12).  To  determine  the  relative  importance  of 
these  pathways  for  transmitting  EGF-induced  hyperplasia 
signals  in  NHTBE  cells,  we  treated  fully  confluent  7-day-old 
NHTBE  cells  with  5  ng/mL  of  EGF  for  2  hours.  EGF  induced 
Akt,  ERK,  and  CREB  phosphorylation  in  NHTBE  cells 
(Fig.  3A),  showing  that  the  Akt  and  ERK  pathways  may 
participate  in  induction  of  cell  proliferation  of  EGF  and 
layer  thickening.  To  further  understand  the  relative  role  of 
these  pathways,  we  treated  7-day-old  NHTBE  cells  with  EGF 
(5  ng/mL)  alone  or  in  combination  with  pharmacologic 
inhibitors  targeting  select  molecules  in  the  PI3-K/Akt  and 
ERK  signaling  pathways:  erlotinib  (EGFR-TKI,  1  pmol/L), 
U0126  (MEK  inhibitor,  5  pmol/L),  LY294002  (PI3-K  inhi¬ 
bitor,  10  pmol/L),  and  Akt  inhibitor  VIII  (10  pmol/L)  for 
15  minutes.  Inhibitors  were  pretreated  for  30  minutes 
before  EGF  treatment.  Erlotinib  completely  inhibited 
EGFR,  Akt,  and  ERK  phosphorylation  (Fig.  3B).  U0126 
inhibited  ERK  and  CREB  phosphorylation.  However, 
LY294002  and  Akt  inhibitor  VIII  had  no  effect  on  EGF- 
induced  ERK  and  CREB  phosphorylation  (Fig.  3B). 
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Figure  1.  EGFR  ligands  induce  hyperplasia  in  NHTBE  cells.  NHTBE  cells  were  cultured  on  a  Transwell  plate  until  they  formed  a  monolayer.  The  culture 
condition  was  changed  to  an  air-liquid  interface,  as  described  in  Materials  and  Methods.  Starting  at  day  7,  cells  were  treated  with  various  ErbB-ligands 
(EGF  10  ng/mL,  TGF-a  10  ng/mL,  AR  50  ng/mL,  and  HR  100  ng/mL)  for  4  days  (A).  EGF  induces  hyperplasia  in  a  dose-  (B)  and  time-dependent  (C)  manner. 
Seven-day-old  NHTBE  cell  cultures  were  treated  with  indicated  concentrations  (B)  of  EGF  for  the  indicated  time  periods  (C).  Cells  were  then  fixed  with 
phosphate-buffered  formalin  and  embedded  in  paraffin.  The  result  was  visualized  by  using  hematoxylin/eosin  staining.  Cells  were  counted  as  described 
in  Materials  and  Methods.  The  results  were  summarized  by  descriptive  statistics  (mean,  SD,  and  median),  and  box  plots  were  generated  for  each  experiment, 
with  different  cell  groups  compared  side  by  side.  Data  shown  are  representative  of  3  experiments  with  similar  results. 


To  further  determine  the  morphologic  consequences 
of  inhibiting  critical  molecules  in  signaling  pathways, 
we  cultured  NHTBE  cells  for  7  days  until  they  become 
confluent  and  then  treated  with  EGF  (5  ng/mL)  alone 
or  in  the  presence  of  various  inhibitors  for  4  days.  NHTBE 
cells  treated  with  EGF  alone  experienced  hyperplastic 
changes  and  increased  thickness,  whereas  those  treated 
in  the  presence  of  erlotinib  or  U0126  underwent  no 
such  changes.  However,  LY294002-  and  Akt  inhibitor 
VUI-treated  NHTBE  cells  still  showed  hyperplasia  and 
increased  thickness  (Fig.  3C).  These  results  suggest 
that  the  MEK/ERK  pathway  is  the  main  pathway  by 
which  EGF  induces  hyperplasia  in  NHTBE  cells.  We  next 
determined  whether  inhibitors  reverse  EGF-induced 
hyperplasia  in  NHTBE  cells.  After  they  became  hyperplas¬ 
tic,  the  cultures  were  maintained  in  media  containing 
0.5  ng/mL  EGF  in  the  absence  or  presence  of  erlotinib 
(1  pmol/L),  LY294002  (10  pmol/L),  U0126  (5  pmol/L), 
or  Akt  inhibitor  VII  (10  pmol/L)  for  4  additional  days. 


Only  erlotinib  successfully  reverted  EGF-induced  hyper¬ 
plasia  such  that  normal  morphologic  characteristics 
were  restored  (Fig.  3D). 

Cydin  D1  is  increased  during  EGF-induced  NHTBE  cell 
hyperplasia 

Increased  cell  proliferation  is  partly  responsible  for 
hyperplasia  induction.  Because  elevated  cydin  levels  play 
a  role  in  enhancing  cell  proliferation,  we  determined  cydin 
levels  in  NHTBE  cells  after  EGF  treatment.  EGF  robustly 
increased  cydin  D 1  and  slightly  increased  cydin  E2  expres¬ 
sion  (Fig.  4A).  However,  Al  and  B1  were  not  significantly 
increased.  The  EGFR  and  MEK  inhibitors  erlotinib 
and  U0126,  respectively,  markedly  blocked  EGF-induced 
expression  of  cydin  Dl,  but  LY294002  and  Akt  inhibitor 
VIII  did  not  (Fig.  4B). 

To  determine  which  transcription  factors  are  involved 
in  EGF-induced  cyclin  Dl  gene  expression,  we  conducted 
a  cyclin  Dl  promoter-luciferase  activity  assay  (Fig.  4C). 
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Figure  2.  Proliferating  cells  are 
differentially  localized  in  NHTBE  or 
A549  cancer  cells.  Both  cell  lines 
were  grown  by  using  the  ALI 
method,  as  described  in  Materials 
and  Methods.  The  cultures  were 
starved  without  supplements  in 
their  respective  culture  media  for 
24  hours  and  treated  with  5  ng/ml_ 
of  EGF  (0.5  ng/ml_  as  control).  The 
cultures  were  fixed,  and  paraffin 
blocks  were  prepared.  Slide 
sections  were  stained  with  anti-Ki- 
67.  The  result  was  visualized  by 
using  immunohistochemical  (A) 
and  immunofluorescence  (B) 
analysis.  Data  shown  are 
representative  of  3  experiments 
with  similar  results. 
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We  transfected  NHTBE  cells  with  various  cyclin  D1  pro- 
moter-luciferase  reporters  (wild  type,  AP-1  site  mutant, 
and  CRE  sites  mutant  in  the  cyclin  D 1  promoter  region) 
and  treated  the  transfected  cells  with  or  without  EGF.  EGF 
increased  luciferase  activity  more  than  20  times  when 
wild-type  or  mutated  CRE  cyclin  D1  promoter  reporters 
were  introduced  (Fig.  4C).  However,  when  the  AP-1 
recognition  sequence  was  mutated  or  removed,  the 
EGF  response  was  dramatically  lower  than  that  in  the 
wild-type  promoter.  This  result  shows  the  importance  of 
the  AP-1  transcription  factor  in  EGF-induced  cyclin  D1 
overexpression. 

Next,  we  investigated  the  activation  status  of  AP-1 
components  c-Jun  and  c-Fos.  EGF  induced  c-Jun  ex¬ 
pression  and  phosphorylation  (Fig.  4D)  but  not  c-Fos 
(data  not  shown).  In  addition,  erlotinib  and  U0126 
markedly  blocked  EGF-induced  c-Jun  phosphorylation 
(Fig.  4E).  c-Jun  knockdown  with  c-Jun  siRNA  prevented 
EGF-induced  cyclin  D 1  expression,  suggesting  that  EGF- 
induced  cyclin  D1  expression  is  mediated  by  c-Jun 
(Fig.  4F).  Thus,  we  concluded  that  EGF  induces  cyclin 
D1  overexpression  and  that  this  overexpression  is 
mediated  by  AP-1  (c-Jun)  transcription  factor.  In  addi¬ 
tion,  EGF-induced  cyclin  D1  overexpression  is  blocked 
by  EGFR  and  MEK  inhibitors. 


Discussion 

We  showed  that  bronchial  hyperplasia  can  be  modeled 
and  manipulated  in  vitro  by  using  primary  NHTBE  cells 
maintained  in  a  3D  organotypic  air-liquid  interface  cul¬ 
ture.  The  EGFR  ligands  EGF,  TGF-a,  and  AR  induce  hyper¬ 
plasia  in  NHTBE  cells.  This  histomorphologic  change  is 
regulated  by  the  MEK/ERK  signaling  pathway  but  not  the 
PI3-K/Akt  signaling  pathway.  The  MEK/ERK  signaling 
pathway  induces  cyclin  D1  expression  by  activating  AP- 
1  transcription  factor.  The  EGFR  and  MEK  inhibitors 
erlotinib  and  U0126  completely  blocked  EGF-induced 
hyperplasia. 

In  view  of  multistep  lung  carcinogenesis  and  field  can- 
cerization,  our  results  suggest  that  erlotinib  may  be  useful 
as  a  chemopreventive  agent  as  such  agents  inhibit,  delay,  or 
reverse  carcinogenesis.  First,  erlotinib  may  be  beneficial  for 
high-risk  patients,  such  as  those  with  a  strong  smoking 
history.  Erlotinib  is  currently  being  studied  in  the  adjuvant 
setting  after  surgery  and  chemotherapy  in  NSCLC.  Lung 
cancer  develops  in  a  field  with  extensive  and  multifocal  hot 
spots  throughout  the  respiratory  trees,  which  are  consis¬ 
tently  exposed  to  common  carcinogens.  Even  after  tumor 
resection,  these  hot  spots  can  develop  into  lung  cancer. 
After  resection,  the  risk  of  a  second  primary  lung  cancer  is 
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Figure  3.  MEK/ERK  pathway  is  involved  in  EGF-induced  hyperplasia  in  NHTBE  cells.  A,  EGF  induced  Akt,  ERK,  and  CREB  phosphorylation. 
Seven-day-old  NHTBE  cell  cultures  were  maintained  in  BEBM  without  supplements  overnight,  and  then  treated  with  EGF  (5  ng/mL)  for  the  indicated 
time  periods.  B,  effect  of  pharmacologic  inhibitors  on  EGF-induced  Akt,  ERK,  and  CREB  phosphorylation.  The  same  7-day-old  NHTBE  cell  cultures 
maintained  in  BEBM  without  supplements  overnight  were  treated  with  EGF  (5  ng/mL)  alone  or  in  combination  with  the  indicated  pharmacologic 
inhibitors  for  15  minutes.  Inhibitors  were  pretreated  30  minutes  before  EGF  treatment.  C,  histologic  evaluation  of  pharmacologic  inhibitors’  effects. 
Seven-day-old  NHTBE  cell  cultures  were  incubated  with  5  ng/mL  EGF  alone  or  in  combination  with  the  various  inhibitors  for  4  days.  Control 
cultures  were  maintained  in  0.5  ng/mL  EGF  media.  Cell  numbers  and  thickness  of  cultures  were  determined  as  described  in  Materials  and  Methods. 
D,  treatment  effects  of  erlotinib  on  EGF-induced  hyperplasia.  Seven-day-old  NHTBE  cell  cultures  were  treated  with  EGF  (5  ng/mL)  for  4  days  to 
generate  hyperplasia.  The  cultures  were  then  maintained  in  culture  media  with  0.5  ng/mL  EGF  for  4  more  days  with  or  without  inhibitors.  The  result  was 
evaluated  by  using  hematoxylin/eosin  staining.  Cells  were  counted,  as  described  in  Materials  and  Methods.  The  results  were  summarized  by 
descriptive  statistics  (mean,  SD,  and  median). 


approximately  1%  to  2%  per  patient  per  year,  with  a 
cumulative  risk  of  up  to  20%  at  6  to  8  years  after  resection 
(15).  Erlotinib  would  target  2  cell  populations  at  once: 
micrometastatic  NSCLC  cells  and  evolving  bronchial 
epithelial  cells.  Inhibition  of  erlotinib  and  reversal  of  the 
first  step  in  lung  carcinogenesis  in  NHTBE  cells  warrant 
further  investigation.  We  are  conducting  a  clinical  study 


and  have  enrolled  50  patients  with  early- stage  lung  cancer 
who  have  undergone  neoadjuvant  chemotherapy  with 
cisplatin  and  docetaxel,  followed  by  surgical  resection 
and  1  year  of  adjuvant  erlotinib.  Patients  will  undergo 
bronchoscopy  at  6  months  and  1  year  to  assess  possible 
changes  in  the  bronchial  epithelium  after  erlotinib  treat¬ 
ment  (16). 
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Figure  4.  AP-1  is  a  critical  transcription  factor  in  EGF-induced  cyclin  D1  overexpression  in  NHTBE  cells.  A,  B,  D,  and  E,  NHTBE  cells  were  cultured  on 
a  Transwell  plate  until  they  formed  a  monolayer.  The  culture  condition  was  changed  to  an  air-liquid  interface.  Before  EGF  stimulation  or  pharmacologic 
inhibitor  treatment,  cells  were  incubated  with  0.1%  BSA/BEBM  medium  for  24  hours  before  treatment.  A,  EGF  upregulates  cyclin  D1  expression  in  a 
time-dependent  manner.  B,  erlotinib  and  U01 26  inhibit  EGF-induced  cyclin  D1  expression.  C,  the  AP-1  binding  site  is  important  for  cyclin  D1  promoter  activity. 
Cells  were  transfected  with  indicated  plasmids  by  using  a  12-well  tissue  culture  plate.  After  48  hours  of  incubation,  cells  were  maintained  in  0.1  %  BSA/BEBM 
without  supplements  overnight  and  treated  with  EGF  (5  ng/mL)  for  24  hours.  D,  EGF  induces  c-Jun  phosphorylation  in  a  time-dependent  manner. 

E,  erlotinib  and  U0126  inhibit  EGF-induced  c-Jun  phosphorylation.  F,  c-Jun  siRNA  abrogated  EGF-induced  cyclin  D1  expression.  Cells  were  transfected 
with  siRNA  by  using  a  12-well  tissue  culture  plate.  After  48  hours  incubation,  cells  were  maintained  in  0.1  %  BSA/BEBM  without  supplements  overnight  and 
treated  with  EGF  (5  ng/mL)  for  24  hours.  Data  shown  are  representative  of  3  experiments  with  similar  results. 


We  found  that  EGF  robustly  increased  cyclin  D1  in 
primary  NHTBE  cells  grown  in  organotypic  culture.  The 
malignant  transformation  of  bronchial  epithelial  cells  is 


driven  by  the  dysregulation  of  oncogenes,  growth  factors, 
or  tumor  suppressor  genes.  Cyclin  D1  is  strongly  impli¬ 
cated  as  an  oncogene  in  lung  cancer  and  several  other 
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Figure  5.  EGF  induced  increased 
cyclin  D1  expression,  which  plays 
a  critical  role  in  bronchial 
hyperplasia;  overexpression  was 
mediated  by  activating  the  MAPK 
pathway. 


human  cancers,  including  B-cell  lymphomas,  head  and 
neck  squamous  cell  carcinomas,  esophageal  cancer,  and 
breast  cancer  (17).  Cyclin  D1  is  part  of  the  cyclin-depen- 
dent  kinase  (CDK) -cyclin  complex  that  increases  retino¬ 
blastoma  (Rb)  protein  phosphorylation  at  the  Gx-S 
transition  and  may  play  a  role  in  transcriptional  regulation. 
Cyclin  D  deregulation,  by  amplification  or  transcriptional 
upregulation,  has  been  found  in  many  tumor  types  (18- 
22).  The  p53-Rb  pathway  that  mediates  Gi  arrest  is  the 
most  commonly  affected  pathway  in  lung  cancer.  Defects 
in  Gi-regulatory  proteins,  especially  p53-p21WAFl,  pl6- 
Rb-cyclin  Dl,  and  cyclin  E-pl6  pathway  deregulation,  seem 
to  be  essential  to  lung  cancer  development  (23,  24).  An 
immunohistochemical  analysis  showed  cyclin  Dl  and  E 
overexpression  in  bronchial  preneoplasia  that  precedes  the 
development  of  squamous  cell  carcinoma  (25).  These  data 
imply  that  increased  cyclin  levels  play  a  critical  role  in 
preneoplastic  bronchial  lesion  progression.  This  con¬ 
clusion  was  confirmed  in  bronchial  epithelial  cellular 
models  (14)  and  carcinogen-induced  lung  tumors  in  ani¬ 
mal  models  (26,  27). 

Cyclin  Dl  overexpression  may  portend  a  worse  prog¬ 
nosis  in  patients  with  resected  lung  cancer  (28),  although 
results  have  not  been  consistent  (29).  Cyclin  Dl  seems  to 
be  regulated  by  EGFR  in  gefitinib-resistant  EGFR  mutant 
cell  lines,  and  these  cell  lines  are  sensitive  to  flavopiridol, 
a  CDK  inhibitor  (30).  Cyclin  Dl  repression  is  an  indirect 
marker  of  erlotinib  treatment  response  in  aerodigestive 
tract  cancers  (31).  Chemoprevention  trials  have  found 
that  rexinoid,  a  selective  retinoid  X  receptor  agonist, 
suppresses  cyclin  Dl  expression  in  NSCLC  (32),  and 
low  cyclin  D 1  expression  predicts  longer  cancer-free  sur¬ 
vival  in  laryngeal  premalignancy  patients  (33).  Thus, 


cyclin  D 1  levels  have  been  studied  as  markers  for  abnor¬ 
mal  cell  growth  in  chemoprevention  trials  (34).  Cyclin 
Dl  gene  expression  regulation  has  been  reported  to 
include  the  ras/raf/mitogen-activated  protein  kinase 
(MAPK)  cascade  in  fibroblast  cells  (35,  36),  p60Src  path¬ 
ways  through  CREB/activating  transcription  factor  2  acti¬ 
vation  in  breast  cancer  cells  (37),  and  PI3-K/Akt/NF-KB 
pathway-involved  prooncogenic  effects  in  human  bron¬ 
chial  epithelial  cells  (38).  Our  data  showed  that  EGF 
activates  the  PI3-K/Akt  and  MEK/ERK  pathways  in  a 
time-dependent  manner.  However,  only  the  MEK/ERK 
pathway  was  involved  in  EGF-induced  cyclin  Dl  expres¬ 
sion,  suggesting  that  it  is  involved  in  early-stage  lung 
carcinogenesis. 

As  shown  in  Figure  5,  we  found  that  bronchial  hyper¬ 
plasia  can  be  modeled  in  vitro  by  using  a  3D  organotypic 
culture  method  and  prevented  by  blocking  the  EGFR/MEK 
signaling  pathway.  We  further  found  that  bronchial  hyper¬ 
plasia  is  dependent  on  cyclin  Dl,  which  is  regulated  by  AP- 
1  activation  through  the  MEK/ERK  pathway  rather  than  the 
PI3-K/Akt  pathway.  Our  model  system  and  results  will  help 
elucidate  the  molecular  mechanisms  of  lung  carcinogenesis 
at  its  early  stages  and  may  support  the  prophylactic  use  of 
EGFR-targeting  agents  in  patients  at  high  risk  of  tumor 
development. 
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Studying  and  understanding  the  joint  effect  of  combined  treatments  is  important  in 
pharmacology  and  in  the  development  of  combination  therapies.  The  Loewe  additivity 
model  is  one  of  the  best  general  reference  models  for  evaluating  drug  interactions. 
Based  on  this  model,  synergy  occurs  when  the  interaction  index  is  less  than  one,  while 
antagonism  occurs  when  interaction  index  is  greater  than  one.  We  expound  the  meaning 
of  the  interaction  index,  and  propose  a  procedure  to  calculate  the  interaction  index 
and  its  associated  confidence  interval  under  the  assumption  that  the  dose-effect  curve 
for  a  single  agent  follows  Chou  and  Talalay’s  median  effect  equation.  In  addition, 
we  review  four  response  surface  models  based  on  the  Loewe  additivity  model  using 
a  single  parameter  to  determine  drug  interactions.  We  describe  each  of  these  models 
in  the  context  of  Loewe  additivity  model  and  discuss  their  relative  advantages  and 
disadvantages.  We  also  provide  S-PLUS/R  code  for  each  approach  to  facilitate  the 
implementation  of  these  commonly  used  methods. 


Key  Words:  Antagonism;  Drug  interaction;  Loewe  additivity  model;  Response  surface  model; 
Synergy. 


1.  INTRODUCTION 

Studying  and  understanding  the  combined  effects  of  multiple  concurrent 
treatments  has  a  venerable  history  among  basic  scientists,  clinicians,  and  statisticians 
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with  the  goal  to  develop  better  treatment  regimens  with  increased  efficacy  and 
reduced  toxicity.  Many  such  successful  studies  can  be  found  in  the  literature 
including,  for  example,  a  study  of  the  cocktail  approach  to  control  AIDS  with 
nucleoside  reverse  transcriptase  inhibitors,  non-nucleoside  reverse  transcriptase 
inhibitors,  and  protease  inhibitors  (Sharma  et  al.,  2004);  studies  of  platinum-based 
doublets  that  include  a  taxane,  vinorelbine,  or  gemcitabine  (Evans,  2004)  or  the  use 
of  chemoradiation  therapy  (Curran,  2003)  for  non-small-cell  lung  cancer.  Advents  in 
molecular  target-based  treatments  for  cancer  have  rekindled  an  interest  in  studying 
combinations  of  targeting  agents,  chemotherapy,  and/or  radiation  therapy  (Herbst, 
2005;  Niyazi  and  Belka,  2006).  In  addition,  examining  adverse  effects  following  the 
simultaneous  administration  of  multiple  drugs  is  important  in  toxicology  studies 
to  ensure  that  combination  therapy  can  be  given  safely.  Recent  advancements  in 
systems  biology  also  point  to  a  promising  direction  in  developing  and  quantifying 
effective  combination  therapy  (Fitzgerald  et  al.,  2006). 

Data  from  in  vitro  and  in  vivo  assays  are  useful  for  screening  out  inefficacious 
and/or  toxic  combination  regimens  while  selecting  the  promising  ones  for  further 
development.  Although  it  is  generally  recognized  that  in  vitro  data  cannot  be 
extrapolated  directly  to  in  vivo  or  clinical  settings,  there  are  many  successful 
examples  in  which  in  vitro  data  predict  in  vivo  drug  interactions  (Bachmann 
and  Ghosh,  2001).  Failure  of  accurate  predictions  may  be  caused  by  the 
methodology  used,  inappropriate  model  selection,  errant  scale-up  factors,  biological 
differences,  etc. 

A  drug-induced  effect  may  be  expressed  on  a  continuous  scale  or  on  a  binary 
scale.  For  example,  in  cell  line  studies,  percent  cell  survival  or  percent  cell  killed 
is  commonly  applied  to  measure  the  drug  effect.  In  animal  studies,  when  a  binary 
response  status  is  recorded,  the  response  rate,  i.e.,  the  number  of  responses  divided 
by  the  total  number  assigned  to  a  dose,  can  be  constructed  as  a  measurement  of 
treatment  effect  (Finney,  1971;  Morgan,  1992). 

To  characterize  drug  interaction,  we  first  need  to  define  an  appropriate 
reference  model  for  additive  effects  of  drug  combinations.  When  the  effect  of  a 
combination  dose  is  greater  (less)  than  that  predicted  by  the  additivity  model, 
the  combination  dose  is  synergistic  (antagonistic).  Historically,  three  additivity 
reference  models  are  commonly  used  (Berenbaum,  1989;  Greco  et  al.,  1995): 
1)  effect  addition,  2)  Bliss  independence,  and  3)  Foewe  additivity.  Excellent  and 
comprehensive  reviews  on  drug  interaction  can  be  found  in  Berenbaum  (1989), 
Greco  et  al.  (1995),  and  Tallarida  (2000).  The  effect  addition  model  has  a  simple 
form:  E(dx,  d2)  =  E(dx)  +  E(d2 ),  where  E(dx ,  d2)  is  the  effect  at  (dx,  d2 ),  and  E(dt) 
is  the  effect  of  drug  i  alone  at  dose  dt  with  i  =  1,2.  However,  this  model  is  not 
generally  correct.  For  example,  when  E(dl)  =  E(d2)  =  70%,  clearly  E(dl9  d2)  can 
not  be  140%  when  the  effect  is  measured  as  a  proportion  of  cells  killed.  The  Bliss 
independence  model  (Bliss,  1939;  Greco  et  al.,  1995;  Webb,  1963)  is  also  called 
effect  multiplication  or  the  fractional  product,  which  has  the  form  fn  =  fxf2.  Here 
/1?  /2,  and  fu  are  the  effects  expressed  as  the  fractions  of  the  maximal  effects 
for  drug  1,  drug  2,  and  the  combination,  and  the  maximal  effect  of  a  drug  or 
combination  is  defined  as  the  effect  observed  with  an  infinite  amount  of  the  drug  or 
combination.  For  example,  the  Bliss  independence  model  for  percentage  cell  survival 
is  E(dx,  d2)  =  E(dx)E(d2).  Combination  doses  with  effects  less  than  predicted  are 
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synergistic,  and  conversely,  antagonistic.  The  Loewe  additivity  model  to  characterize 
drug  interaction  can  be  defined  as: 


D 


+ 


*1 


D 


y,  2 


=  1, 

<1, 

>1, 


Additivity; 

Synergy; 

Antagonism, 


(1) 


where  dx,  d2  are  doses  of  drug  1  and  drug  2  in  mixture,  which  produces  an  effect  y, 
while  DyX  and  Dy  l  are  the  doses  of  drug  1  and  drug  2  that  produce  the  same  effect 
y  when  given  alone.  The  term  ^  is  also  called  the  interaction  index  at  the 

combination  dose  (dl9  d2 ).  If  the  interaction  index  at  (dl9  d2)  is  equal  to,  less  than,  or 
greater  than  1,  the  combination  dose  (dl9  d2)  is  claimed  to  be  additive,  synergistic, 
or  antagonistic,  respectively. 

The  Bliss  independence  and  Loewe  additivity  models  are  the  two  most  cited 
reference  models  for  defining  drug  interactions  (Fitzgerald  et  al.,  2006;  Greco  et  al., 
1995;  Jonker  et  al.,  2005).  The  literature  indicates  that  the  Loewe  additivity  model 
works  in  the  settings  of  mutually  exclusive  drugs  while  the  Bliss  independence  model 
works  in  the  settings  of  mutually  nonexclusive  drugs.  However,  the  mechanism 
of  drug  interactions  is  often  unknown.  Debate  continues  over  which  is  the  better 
reference  model  for  defining  drug  interaction.  So  far,  there  is  no  generally  accepted 
agreement  as  to  which  of  the  two  models  is  more  appropriate.  Both  models 
were  recommended  by  the  so-called  Saariselkaa  agreement  (Greco  et  al.,  1992). 
Drebler  et  al.  (1999)  developed  CombiTool,  software  to  assess  drug  interactions 
based  on  both  of  the  reference  models.  Berenbaum  (1989)  showed  that  the  two 
reference  models  are  the  same  if  the  dose-effect  curves  are  in  simple  exponential 
family,  i.e.,  E(d)  =  exp  (—fid).  The  Bliss  independence  was  originally  derived 
from  probability  theory,  and  the  effect  scale  can  only  be  applied  to  fractional 
effects  0  <  E  <  1 .  Although  the  Bliss  independence  has  extensive  mechanistic  and 
probabilistic  support,  the  underlying  independence  assumption  may  be  difficult  to 
verify.  On  the  other  hand,  the  Loewe  additivity  model  was  defined  based  on  the 
dose  scale  no  matter  the  measurements  of  the  effects.  Berenbaum  (1989)  used  a 
“sham  combination”  (i.e.,  a  drug  is  combined  with  itself  or  its  diluted  form)  thought 
experiment  to  advocate  the  Loewe  additivity  model.  Although  supporters  of  the 
Bliss  independence  model  question  the  validity  of  applying  the  “sham  combination” 
to  general  drug  combination  because  the  “sham”  treatments  involve  the  same 
treatment  and  are  not  independent  of  each  other,  the  Loewe  additivity  model 
gives  an  intuitively  clear  and  reasonable  explanation  for  experiments  beyond  the 
“sham  combination”.  For  example,  when  two  non-interactive  and  equally  potent 
drugs  are  applied  together,  we  expect  that  the  combination  dose  ( dx ,  d2)  will 
have  the  same  effect  as  drug  1  alone  or  drug  2  alone  at  dose  level  dx  +  d2. 
Drug  additivity  is  substantiated  under  the  Loewe  additivity  model  but  not  the 
Bliss  independence  model.  The  Loewe  additivity  model  is  also  consistent  with  the 
graphical  isobologram  approach  (Martinez-Irujo  et  al.,  1998).  Hence,  we  conclude 
that  the  Loewe  additivity  model  is  one  of  the  best  general  reference  models  for 
evaluating  drug  interactions. 

In  this  paper,  we  intend  to  clarify  the  meaning  of  the  interaction  index 
and  compare  several  commonly  used  methods  on  assessing  drug  interaction  based 
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on  the  Loewe  additivity  model.  In  Section  2,  we  illustrate  the  meaning  of  the 
interaction  index,  and  show  that  the  interaction  index  can  be  used  to  characterize 
the  magnitude  of  non-additive  effects.  In  Section  3,  we  derive  the  interaction  index 
and  demonstrate  how  to  construct  its  confidence  interval  under  the  assumption 
that  the  median-effect  equation  holds  for  both  agents.  In  addition,  we  review 
the  commonly  applied  approach  to  assess  drug  interactions  by  Chou  and  Talalay 
(1984).  Based  on  the  Loewe  additivity  model,  response  surface  models  (RSMs)  can 
be  constructed  to  describe  the  three  dimensional  dose-response  surface  in  two  drug 
combinations  and  can  include  all  of  the  information  present  in  the  full  dose-effect 
data  set  for  two  drugs.  In  addition,  the  RSM  can  be  used  to  quantify  the  amount 
of  drug  interactions  and  to  determine  the  optimal  combination  therapy.  The  RSM’s 
of  Finney  (1971),  Greco  et  al.  (1990),  Machado  and  Robinson  (1994),  Plummer  and 
Short  (1990),  and  Carter  et  al.  (1988),  use  a  single  parameter  to  quantify  synergy, 
additivity,  or  antagonism,  and  have  been  successfully  applied  in  many  reported  case 
studies.  We  review  those  approaches  in  Section  4,  taking  the  median-effect  equation 
as  the  dose-effect  model  for  each  single  agent  except  for  the  model  by  Carter  et  al. 
(1988),  which  uses  a  logistic  model.  We  give  an  example  of  the  combination  of  two 
agents  to  elicit  cell  death  in  a  cancer  cell  line  study  in  Section  5.  The  results  of 
analysis  using  these  methods  are  given  in  Section  6  to  compare  and  contrast  the 
properties  of  various  methods.  In  addition,  we  supply  S-PLUS/R  code  to  provide 
investigators  useful  tools  for  studying  drug  interactions.  In  Section  7,  we  discuss  our 
findings  and  make  suggestions  on  future  research  areas. 

2.  INTERACTION  INDEX  AND  ITS  INTERPRETATION 

Suppose  that  the  combination  dose  ( dx ,  d2)  elicits  the  same  effect  y  as  drug  1 
alone  at  dose  Dvl,  and  drug  2  alone  at  dose  Dy2,  then  the  interaction 

yt  y,  Lfy  1  Lfy  2 

index  at  dose  (dx,  d2),  denoted  by  t,  measures  additivity,  synergy,  or  antagonism 
according  to  the  relation  shown  in  Eq.  (1). 

What  does  the  interaction  index  t  mean?  Note  that  —  t  can  be 

Dy  l  Uy  2 

rewritten  as 


d\  +  d2jr^~  =  xDv,\-  (2) 

uy.2 

The  ratio  ^  is  defined  as  relative  potency  of  drug  2  versus  drug  1  (Morgan, 
1992).  Suppose  the  relative  potency  is  a  constant  p  at  any  level  of  effect,  then 
one  unit  of  drug  2  produces  the  same  effect  as  p  units  of  drug  1.  Thus  the  total 
combined  dose  (dl9  d2)  will  be  dx  +  pd2  in  terms  of  drug  1  dose.  Particularly,  z  = 
1  implies  dx  +  pd2  =  Dy  X,  i.e.,  the  total  dose  of  the  two  drugs  elicits  the  same 
effect  as  drug  1  is  used  alone  at  Dy  X,  indicating  additivity  of  the  combination  dose 
(dl9  d2).  z  <  1  implies  dx  +  pd2  =  zDy  X  <  Dy  X,  i.e.,  the  total  dose  is  less  than  that 
when  drug  1  is  used  alone,  indicating  synergy  of  the  combination  dose  (dx,d2)\ 
while  z  >  1  implies  dx  +  pd2  =  z Dy  X  >  Dy  X ,  i.e.,  the  total  dose  is  more  than  that 
when  drug  1  is  used  alone,  indicating  antagonism  of  the  combination  dose  (dx,  d2). 
Obviously,  the  smaller  the  z  is,  the  smaller  is  the  total  amount  dose  dx  +  pd2 ,  which 
produces  the  same  effect  as  drug  1  alone  at  dose  Dy  X.  Therefore,  the  interaction 
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index,  t,  is  a  quantitative  measure  capturing  the  mode  and  magnitude  of  drug 
interaction. 

Geometrically,  the  drug  interaction  can  be  illustrated  by  constructing  an 
isobole.  An  isobole  corresponding  to  an  effect  y  consists  of  all  the  combination 
doses  (dl9  d2)  that  elicit  the  effect  y.  In  Fig.  1,  suppose  P  is  the  point  (P>vl,0), 
Q  is  the  point  (0 ,Dy2),  and  U  is  the  point  (dl9  d2);  all  these  points  yield  an 
effect  y.  Then,  the  relative  potency  p  =  ,  and  the  interaction  index  can  be 

expressed  as 


d\  +  pd2  length(OP) 

Dy  i  length  (OP) 


length(OU)  _  1  ^ 

- =-  Fig.  1,  Panel  A 

length  (OF) 


The  line  RS  is  parallel  to  the  line  PQ  (Fig.  1,  Panel  A),  V  is  the  intersection 
of  Oil  and  PQ.  So  when  U  is  on  the  straight  line  PQ ,  the  interaction  index  will 
be  1;  when  U  is  on  the  south-west  side  of  the  straight  line  PQ ,  the  interaction  index 
will  be  less  than  1;  when  U  is  on  the  north-east  side  of  the  straight  line  PQ ,  the 
interaction  index  will  be  greater  than  1.  If  the  isobole  is  a  straight  line  PQ  (Fig.  1, 
Panel  B),  then  any  combination  dose  (dl9  d2)  on  this  line  will  have  an  interaction 
index  at  1,  indicating  that  the  combination  dose  (dl9  d2)  is  additive.  If  an  isobole  is 
concave  down  similar  to  the  solid  curve  PNQ ,  then  any  combination  dose  (dl9  d2) 
on  this  curve  will  have  an  interaction  index  less  than  1,  except  at  P  and  Q ,  indicating 
that  these  combination  doses  are  synergistic.  If  an  isobole  is  concave  up  similar  to 
the  solid  curve  PMQ ,  then  any  combination  dose  (dl9  d2)  on  this  curve  will  have 
an  interaction  index  greater  than  1,  except  at  P  and  Q ,  indicating  antagonism. 
However,  the  interaction  indices  for  different  combination  doses  on  an  isobole  may 


Figure  1  Geometric  interpretation  of  the  interaction  index  (Panel  A)  and  examples  of  isoboles 
(Panel  B).  In  both  panels,  P  =  (Dy  l,  0)  and  Q  =  (0,Dy2)  showing  the  doses  resulting  effect  y  using 
single  agent  of  drug  1  and  drug  2.  In  Panel  A,  U  =  (dx,  d2),  the  effect  E(dx ,  d2)  =  y,  p  =  tangent(6), 
and  the  interaction  index  t  =  dl+pd2  =  )eng^^  =  !eng?SS  •  In  Panel  B,  the  dotted  straight  line  PQ 

Dy,  i  length  (OP)  length  (OV)  ’  ^ 

is  a  representation  of  a  theoretical  additive  isobole.  The  solid  curve  PNQ  is  a  representation  of  an 
isobole  with  synergy,  PMQ  is  a  representation  of  an  isobole  with  antagonism,  and  the  dashed  curve 
PRSTQ  is  a  representation  of  an  isobole  with  both  synergy  and  antagonism. 
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be  different.  For  example,  the  interaction  index  for  the  combination  dose  close  to 
points  P  and  Q  on  PNQ  will  be  less  than  1  but  close  to  1,  and  the  interaction  index 
possibly  has  a  minimum  at  point  N,  which  means  that  the  combination  dose  (dl9  d2) 
at  N  is  most  synergistic  among  all  the  combination  doses  on  PNQ.  Similarly,  the 
combination  dose  ( dx ,  d2)  at  M  may  be  most  antagonistic  among  the  combination 
doses  on  PMQ.  An  isobole  may  cross  the  additive  isobole  PQ ,  e.g,  the  curve  PRSTQ. 
In  that  case,  the  combination  doses  on  the  segment  PRS  are  synergistic,  while  the 
combination  doses  on  the  segment  STQ  are  antagonistic. 


3.  DERIVING  INTERACTION  INDEX  AND  CONSTRUCTING  ITS 
CONFIDENCE  INTERVAL 

Generally,  given  the  dose-effect  curve  for  each  single  drug,  the  interaction 
index  is  determined  by  the  combination  dose  (dl9  d2 )  and  its  corresponding  effect  y. 
For  example,  if  the  effect  at  the  combination  dose  (dl9  d2)  is  y9  and  the  dose-effect 
curve  is  f\{Dx)  for  drug  1,  and  f2{D2)  for  drug  2,  then  Dy  l  =  /j_1(y),  and  Dyl  = 
f2x  (y),  where  frl  (i  =  1,2)  is  the  inverse  function  of  ft.  Thus  we  can  estimate  the 
value  of  the  interaction  index  without  specifying  a  joint  model,  f(dl9  d2 ),  for  the 
combination  dose  (dl9  d2). 

In  the  literature,  there  are  different  models  to  describe  dose-effect  curve, 
such  as  the  probit  model  (Finney,  1971)  and  the  logistic  model  (Morgan,  1992) 
for  a  binary  response  variable,  and  the  Fmax  model,  also  known  as  Hill  equation 
(Greco  et  al.,  1995;  Hill,  1910;  Holford  and  Sheiner,  1981),  for  a  continuous 
response  variable.  The  Fmax  model  has  the  following  form: 


E  = 


e  (-*-  r 

max  V  Dm  ) 

T W 


(3) 


where  d  is  the  dose  of  drug,  Dm  is  the  median  effective  dose  of  a  drug,  Fmax  is 
the  maximal  effect  of  the  associated  drug,  and  m  is  a  slope  parameter,  also  called 
the  Hill  coefficient,  depicting  the  shape  of  the  curve.  When  Fmax  =  1,  model  ((3)) 
becomes  Chou  and  Talalay’s  median  effect  equation  (Chou  and  Talalay,  1984): 


E  = 


(tr 


(4) 


In  our  cell  line  study,  we  found  the  median  effect  Eq.  (4)  gave  a  reasonable 
estimation  of  the  dose-effect  curve.  When  m  is  negative,  the  measurements  of  effects 
described  by  Eqs.  (3)  and  (4)  decrease  with  increasing  drug  concentration;  when  m 
is  positive,  the  curves  rise  with  increasing  drug  concentration. 

Equation  (4)  can  be  rewritten  as 

E 

1  —  E 


log 


=  m(log  d  -  log  Dm)  =00  +  0!  log  d9 


(5) 
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where  /?0  =  —m\ogDm  and  =  m.  The  dose  producing  effect  E  can  be  written  as 


or 


(6) 

(7) 


Suppose  model  (5)  has  the  form  log  y^  =  j30  +  P\  log  d  +  e  with  e  following 
N{ 0,  a2),  we  may  regress  log  y^  on  logd  to  get  the  marginal  dose-effect  curves 
log  =  fi0l  +  j8u  log  d  for  drug  1  and  log  y^  =  /?0>2  +  j81>2l ogd  for  drug  2.  If 
the  observed  mean  effect  is  y  at  a  combination  dose  (dl9  d2),  then  the  associated 
interaction  index  can  be  estimated  by 


^ - h 

Dy,  1  7)v 


',,2  exp(-|i)(T^)^.>  exp(-g^)(T^)' 


+ 


(8) 


Extensive  simulations  (Lee  and  Kong,  2006)  indicate  that  log(r)  is  approximately 
normal  distributed,  even  when  t  deviates  from  normal  distribution  for  large  a’s.  A 
(1  —  a)  x  100%  confidence  interval  for  log(r)  can  be  constructed  based  on  the  delta 
method  (Bickel  and  Doksum,  2001): 

[  log(r)  -  Z |  V'Var(log(T)),  log(r)  +  z « v'Var(log(r))j , 
and,  thus,  a  (1  —  a)  x  100%  confidence  interval  for  t  can  be  formed  as: 


[t exp(— Z « v/Var(log(T))),  r exp(z .  v/Var(log(f)))] ,  (9) 

where  is  the  1  —  f  percentile  of  the  standard  normal  distribution,  and 
Var(log(r))  ±2  ^Var(r)  with 


Var(z)  -  £ 


(S- 


ti  \DyJ. 
vatjhyl 
Ki 


+ 


2cov(Po,i >  A,i)(log  jzz 


Au)  .  var(A,i) (log  1^5 


+ 


A>.,)2 


l,i 


/?4 


1,/ 


^1,1  ^V,l  Pl,2  Dy, 2 


1 

XI  -y) 


2 

wzr(y). 


(10) 


Details  of  the  derivation  of  the  variance  in  Eq.  (10)  can  be  found  in  Lee  and  Kong 
(2006).  We  can  estimate  var(y)  in  Eq.  (10)  in  two  ways.  When  there  are  replicates 
at  the  combination  dose  (dl9d2),  we  estimate  var{y)  by  the  sample  variance  at 
(dl,d2).  Otherwise,  we  may  borrow  the  information  from  estimating  the  dose- 
effect  curves.  Note  that  var(\og  y^;)  —  (^ jzj))2var(y )  thus,  we  may  simply  substitute 
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jzyj)2var(y )  by  the  average  of  the  squared  residuals  obtained  from  estimating  the 
two  dose-effect  curves  (Lee  and  Kong,  2006). 

Chou  and  Talalay  (1984)  proposed  to  plot  the  interaction  indices  versus 
effects  for  combination  doses  at  a  fixed  ratio.  Their  idea  was  to  regress  log  on 
1  og(dx  +  d2)  for  the  combination  doses  (dl9  d2)  with  j-  =  co,  say,  log  =  f0l2  + 
n\ogDu.  Then  for  each  fixed  effect  y,  one  may  estimate  the  interaction  index  by 


(11) 


where  DyA  =  exp  ,  Sy>2  =  exp(-^)(T^)>u,  and  D,,12  =  exp(- 

jp^Xlzp)  ~h,n  •  ^  commercial  software  CalcuSyn  (http://www.biosoft.eom/w/ 

calcusyn.htm)  is  available  for  estimating  the  interaction  index  and  its  confidence 
interval.  However,  the  confidence  interval  for  interaction  index  in  Eq.  (11)  are 
constructed  based  on  Monte  Carlo  techniques  and  the  normal  assumption  on 
the  parameters.  We  constructed  the  confidence  interval  for  interaction  index  at 
observed  data  point  based  on  the  delta  method  and  normal  assumption  on  error 
in  model  (5).  Extensive  calculations  involved  in  Monte  Carlo  techniques  seem 
unnecessary.  In  a  given  experiment  with  varying  doses  of  single  agent  and  their 
combinations,  we  may  calculate  the  interaction  indices  from  Eq.  (8)  and  theirs 
confidence  intervals  from  Eq.  (9)  for  the  observed  combination  doses  at  the  fixed 
ratio,  and  then  plot  the  resulting  interaction  indices  and  their  confidence  intervals 
to  Chou  and  Talalay’ s  plot  of  interaction  indices  versus  effects.  Thus,  the  drug 
interactions  for  combination  doses  at  the  fixed  ratio  can  be  characterized. 


4.  COMPARISON  OF  FOUR  APPROACHES  TO  DETECT 
DRUG  INTERACTIONS 

In  this  section,  we  review  four  response  surface  models.  For  comparison 
purposes  we  assume  that  the  dose-effect  curves  follow  median-effect  Eq.  (4)  for  the 
first  three  RSMs.  When  all  the  combination  doses  are  synergistic  or  antagonistic, 
these  approaches  use  a  single  synergy-antagonism  parameter  to  summarize  synergy 
or  antagonism.  In  Section  5,  we  presented  a  data  set  from  cancer  cell  line  study 
(Chun  et  al.,  2003).  In  Section  6,  we  give  the  results  of  data  analysis  using  the 
method  in  Section  3  and  the  RSMs  presented  in  this  section,  and  illustrate  the 
limitation  of  those  methods,  i.e.,  those  RSMs  are  not  adequate  to  capture  different 
patterns  of  drug  interactions  when  synergy,  additivity,  and  antagonism  intersperse. 


4.1.  Model  of  Greco  et  al.  (1990) 

Assume  the  dose-effect  curves  for  both  drugs  follow  the  median  effect  Eq.  (4), 
the  model  proposed  by  Greco  et  al.  (1990)  has  the  following  form: 


1  = 


^  d2  +  a  dxd2 

D.nailkf2 


(12) 
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Here,  ml,m2  are  the  slopes  of  the  dose-effect  curves  (4)  for  drug  1  and  drug 
2,  respectively,  and  Dml  and  Dm  l  are  the  median  effect  doses  for  drug  1  and 
drug  2,  respectively.  The  parameter  a  captures  the  degree  of  synergism,  additivity, 
or  antagonism. 

The  dose  level  for  each  single  drug  producing  effect  y  can  be  expressed  as  the 
right-hand  side  of  Eq.  (6),  i.e.,  Dy  l  =  T)m?1(^)^  and  Dy  l  —  Dm  2(j^)7^ .  The  first 
two  terms  on  the  right-hand  side  of  Eq.  (12)  are  exactly  the  interaction  index  written 
as  tt-tt2-.  So  we  can  rewrite  (12)  as 

Dy,  1  °y,2  x  7 


dx 

D~ 


+ 


D 


=  1  - 


(xdx  d2 


y,  2 


i 

D1 


iii 

*Dl,D*D* 


m,  1 1  ^y,  2 


When  a  >  0,  the  interaction  index  is  less  than  one,  synergism  is  detected.  The  larger 
a  is,  the  smaller  is  the  interaction  index,  therefore,  the  stronger  is  the  synergy. 
When  a  <  0,  antagonism  is  detected;  when  a  =  0,  additivity  is  detected.  When  we 
say  a  >  0,  or  a  <  0,  the  inference  should  be  made  in  the  statistical  point  of  view. 
For  example,  we  claim  a  >  0  only  when  the  lower  limit  of  the  confidence  interval 
for  a  is  positive.  We  can  estimate  all  five  parameters  (ml,  m2,  Dw>1,  Dm  2 ,  a)  by  the 
least-squares  method. 


4.2.  Model  of  Machado  and  Robinson 

Of  the  several  models  investigated,  Machado  and  Robinson  (1994) 
recommended  the  following  model  which  was  originally  derived  by  Plackett  and 
Hewlett  (1952): 


Similar  to  the  parameter  a  in  the  model  of  Greco  et  al.  (1990),  the  parameter  r\ 
captures  synergism,  additivity,  or  antagonism:  when  0  <  rj  <  1,  the  combinations 
of  the  two  drugs  are  synergistic;  when  rj  =  1,  the  combinations  are  additive;  and 
when  1  <  r]  <  oo,  the  combinations  are  antagonistic.  The  smaller  the  value  of  r\  with 
0  <  f]  <  1  is,  the  more  synergistic  are  the  combination  doses.  Again  we  should  view 
these  equalities  or  inequalities  from  the  statistical  point  of  view. 

If  one  adopts  the  median  effect  Eq.  (4)  as  the  appropriate  model  of  the  dose- 
effect  curve  for  each  drug,  then  one  can  fit  Machado  and  Robinson’s  model  of  the 
following  form  with  five  parameters  (ml,  m2,  Dm>1,  Dm  2,  and  i/): 


=  1 


One  can  use  the  least-squares  method  to  estimate  the  five  parameters. 


(14) 


Remark  1.  Note  that  for  each  fixed  /?,  when  re-scaled  to  pass  through  (1,  0)  and 
(0,  1),  all  isoboles  from  a  response  surface  are  identical.  Therefore,  the  model  is  very 
restrictive. 
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4.3.  Model  of  Plummer  and  Short 

Plummer  and  Short  (1990)  proposed  a  model  of  the  form 

Y  =  /?o  +  Pi  l°g(^i  +  p  •  d2  +  P$(dx  •  p  •  d2)2)  (15) 

to  identify  and  quantify  departures  from  additivity.  This  model  was  originally 
proposed  by  Finney  (1971)  with  a  fixed  relative  potency  p,  and  was  generalized  by 
Plummer  and  Short  to  allow  relative  potency  p  to  vary.  Here,  Y  is  the  transformed 
effect,  dx  is  the  amount  of  drug  1  and  d2  is  the  amount  of  drug  2  in  a  combination, 
and  p  is  a  relative  potency  of  drug  2  versus  drug  1  given  by  log(p)  =  P2  +  Pi  log£>2> 
in  which  D2  is  the  solution  to  d2  +  p~ldx  =  D2 ,  To  use  this  model,  the  plots  of 
Y  versus  the  log(d)  for  both  drugs  should  be  linear  but  need  not  be  parallel.  If 
we  adopt  the  median  effect  Eq.  (4)  as  the  dose-effect  relationship  for  each  single 
drug,  then  Y  as  log  ^  will  have  a  linear  relationship  with  log(d),  so  model 
(15)  is  applicable.  When  we  take  Y  =  log  model  (15)  contains  five  parameters 
(00,^,02,03,  and  jS4).  One  can  use  the  least-squares  method  to  estimate  them. 
The  parameter  P4  captures  synergism  (jS4  >  0),  additivity  (jS4  =  0),  or  antagonism 
(jS4  <  0).  Again  we  should  make  significance  inferences  about  these  relations  using 
confidence  intervals,  not  point  estimates. 

Let  us  explore  why  P4  can  capture  synergy  and  antagonism.  If  we  set  d2  =  0 
for  Plummer  and  Short’s  model  (15),  we  will  get 


Dy,  1  =  exp 


Y-P  c 

Pi 


which  is  the  dose  of  drug  1  eliciting  the  effect  Y .  If  we  set  dx  =  0  we  will  get 


Dy,2  = 


exP  (^ir) 


which  is  the  dose  of  drug  2  eliciting  the  effect  of  Y.  From  model  (15)  we  can  get 


that  is, 


d  2  •  P 
-P(^) 


,  (VP'  di}J_ 

’4  -p(^) 


=  1, 
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*1 
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=  l-& 


y.2 


(A  •  ^2)^ 

(DyADy<2)'i 


(16) 


Therefore  P4  captures  synergy,  additivity,  or  antagonism,  coincident  with  the 
Loewe  additivity  model.  Note  that  Eq.  (16)  is  one  of  the  models  mentioned  by 
Machado  and  Robinson  (1994)  and  has  the  shortcoming,  which  we  pointed  out  in 
Remark  1. 
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4.4.  Model  of  Carter  et  al.  (1988) 

The  model  proposed  by  Carter  et  al.  (1988)  implies  that  the  dose-effect  for  a 


single  drug  follows  a  logistic  model.  The  model  has  the  following  form, 

E 


log 


1  -E 


Po  +  P\d\  +  /?2^2  +  Pl2^l^2 


(17) 


By  setting  d2  =  0  we  can  estimate  the  dose  of  drug  1  eliciting  a  fixed  effect  y 

log(T^)  -/?0 


DyA  = 


Pt 


By  setting  dx  —  0  we  can  estimate  the  dose  of  drug  2  eliciting  the  fixed  effect  y 

log(i^)  -  Po 


Dy.  2  = 


Pi 


From  Carter’s  model  (17)  we  can  obtain  the  interaction  index 

ft\d\  Pid2  ,  filial  d2 


d  i  d2 

+ 


+ 


Dy, i  Dy,2  log  (£)-/*„  log  (i)  -  A 


=  1  - 


log  (i)  -  P0 


(18) 


Under  the  model,  with  a  prerequisite  that  log  (p^)  —  /?0  >  0,  jS12  captures  synergy 
(jSi2  >  0),  additivity  (/?12  =  0),  or  antagonism  (/?12  <  0). 


5.  DATA  SET 

A  principal  focus  of  chemoprevention  research  at  M.D.  Anderson  Cancer 
Center  is  to  identify  efficient  combinations  of  chemotherapeutic  and  biologic 
agents  that  eliminate  precancerous  cells  or  slow  the  carcinogenic  processes  in 
patients  at  high-risk  for  the  development  of  cancer.  Combinations  of  drugs  acting 
synergistically  have  the  primary  benefits  of  improving  therapeutic  activity  with 
lower  toxicity.  This  is  particularly  important  in  the  prevention  setting  because 
preventive  regimen  must  elicit  low  toxicity  profiles  before  they  can  be  administered 
to  relatively  healthy  subjects.  For  example,  an  experiment  was  conducted  at  M.D. 
Anderson  Cancer  Center  (by  Reuben  Lotan)  to  evaluate  the  efficacy  of  two 
such  novel  agents,  SCH66336  and  4-HPR,  in  squamous  cell  carcinoma  cell  lines 
(Chun  et  al.,  2003).  SCH66336,  a  tricyclic  peptidomimetic  compound,  has  extensive 
activity  in  preclinical  studies  in  head  and  neck  squamous  cell  carcinoma  and  in  non¬ 
small-cell  lung  cancer  cell  lines.  4-HPR  is  a  potent  retinoid  that  induces  apoptosis 
(cell  death)  in  various  malignant  cells. 

Cell  lines  of  human  squamous  cell  carcinoma  were  treated  with  SCH66336 
and  4-HPR  separately  and  in  combination.  After  72  h,  the  fractions  of  surviving 
cells  at  each  single  dose  and  combination  dose  levels  were  calculated.  Table  1  shows 
the  fractions  of  surviving  cells  from  a  human  squamous  cell  carcinoma  cell  line 
(UMSCC22B)  after  treatment  with  SCH66336  (doses  ranged  from  0  to  4  pM)  and 
4-HPR  (doses  ranged  from  0  to  2  pM)  alone  and  in  combination. 
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Table  1  Fractions  of  squamous  cell  carcinoma  cells  (UMSCC22B)  surviving  after 
72 h  of  treatment  by  single  and  combination  doses  of  SCH66336  and  4-HPR* 


SCH66336 
Dose  (pM) 

4-HPR  Dose  (qM) 

0 

0.1 

0.5 

1 

2 

0 

1 

0.7666 

0.5833 

0.5706 

0.4934 

0.1 

0.6701 

0.6539 

0.4767 

0.5171 

0.3923 

0.5 

0.6289 

0.6005 

0.4919 

0.4625 

0.3402 

1 

0.5577 

0.5102 

0.4541 

0.3551 

0.2851 

2 

0.4550 

0.4203 

0.3441 

0.3082 

0.2341 

4 

0.3755 

0.3196 

0.2978 

0.2502 

0.1578 

*The  same  data  table  was  also  shown  in  Kong  and  Lee  (2006a),  Table  2. 


6.  DATA  ANALYSIS 

We  illustrate  the  methods  described  in  Sections  3  and  4  to  identify  synergism, 
additivity,  or  antagonism  by  analyzing  the  data  set  in  Table  1.  The  percentages  of 
surviving  cells  ranged  from  67%  at  0.1  pM  to  only  38%  at  4  pM  by  treating  with 
SCH66336  alone.  4-HPR  was  slightly  less  effective  as  a  single  agent  eliciting  77% 
surviving  cells  at  0.1  pM  and  49%  surviving  cells  at  2  pM.  Equidose  effects  of  the 
combination  of  the  two  agents  ranged  from  65%  at  0.1  pM  (total  dose  =  dx  +  d2  = 
0.2  pM)  to  23%  at  2  pM  (total  dose  =  4pM).  The  data  suggest  some  supra-additive 
effects  by  the  combination.  For  example,  a  total  dose  of  2  pM  of  the  combination 
dose  with  dx  =  lpM  and  d2  =  lpM  elicited  36%  surviving  cells  whereas  the  single 
agent  effect  at  this  dose  was  46%  and  49%  for  SCH66336  and  4-HPR,  respectively. 
We  treat  the  effect,  i.e.,  fraction  of  surviving  cells  as  a  continuous  variable  and 
assume  the  stochastic  error  is  linear  in  log  ^ .  The  least  squares  method  was  applied 
in  solving  the  parameters  for  all  methods  described  below. 

The  median  effect  plot  can  be  obtained  by  a  linear  regression  of  log  ^  on 
1  ogd  based  on  the  data  in  Table  1.  Recall  that  log  ^  =  m(\ogd  —  lo gDm)  =  jS0  + 
1  ogd.  The  estimates  of  j30,  ^t(=m),  Dm ,  and  r  for  drug  1,  drug  2,  and  the  mixture 
of  the  drugs  with  equal  concentrations  are  summarized  in  Table  2. 

Figure  2A  shows  the  transformed  data  log  ^  versus  1  ogd  and  the  median 
effect  plots  for  SCH66336  (open  circles  and  a  dashed  line),  4-HPR  (open  triangles 
and  a  dotted  line),  and  the  mixture  of  the  two  drugs  at  the  fixed  ratio  of  1:1  (filled 
circles  and  a  solid  line).  Figure  2C  shows  the  corresponding  observed  data  and  the 
fitted  dose-effect  curves  for  SCH66336,  4-HPR,  and  the  mixture  of  the  two  drugs. 


Table  2  Estimates  based  on  Chou’s  median  effect  model 


i 

Po.i 

Slope  px  i  (=m,-) 

D,ni 

ri 

SCH66336 

1 

0.094 

-0.335 

1.326 

0.946 

4-HPR 

2 

0.217 

-0.398 

1.726 

0.979 

Mixture  of  the  two  drugs 

12 

-0.225 

-0.596 

0.686 

0.982 

with  equal  concentrations 
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The  median  effect  equation  constrains  the  effect  to  be  1  at  dose  zero  for  m  <  0. 
In  fact  only  five  observations  were  used  to  calculate  the  median  effect  model  for 
SCH66336  alone,  four  observations  for  4-HPR  alone,  and  four  observations  for  the 
mixture.  The  remaining  16  data  points  at  other  combination  doses  were  not  used, 
indicating  that  the  method  is  not  very  efficient.  The  median  effect  plots  in  Fig.  2A 
and  r  values  (correlation  coefficients)  in  Table  2  indicate  that  the  data  follow  the 
median  effect  Eq.  (4)  reasonably  well.  We  plotted  the  interaction  index  versus  the 
effect  E  for  the  combinations  at  the  fixed  ratio  1:1.  From  the  fitted  dose-effect 
curves  for  SCH66336  and  4-HPR,  the  four  estimated  interaction  indices  based  on 
Eq.  (8)  at  the  four  combination  doses  (0.1,  0.1),  (0.5,  0.5),  (1,  1),  and  (2,  2)  were 
0.791,  0.609,  0.256,  and  0.103,  respectively,  and  their  corresponding  95%  confidence 
intervals  based  on  Eq.  (9)  were  [0.341,  1.833],  [0.283,  1.312],  [0.101,  0.647],  and 
[0.031,  0.335],  respectively.  The  four  pairs  of  interaction  indices  versus  the  effects 

A.  Median  Effect  Plots  B.  Interaction  Index  vs.  E 


Figure  2  Results  from  fitting  median  effect  equation  models  (Panels  A  and  C),  calculating  interaction 
index  and  its  confidence  interval  (Panel  B),  and  the  selected  contour  plot  of  the  raw  data  (Panel  D). 
Panel  A  shows  the  transformed  observations  log  ^  versus  log  d  and  the  median-effect  plots  for  drug 
SCH66336,  drug  4-HPR,  and  the  mixture  of  the  two  drugs  at  the  fixed  ratio  of  1:1.  Panel  B  shows 
the  curve  of  interaction  index  versus  the  effect  E  based  on  the  three  estimated  median  effect  equations 
plotted  in  Panel  A,  the  estimated  interaction  indices  (in  dots)  along  with  their  95%  confidence  intervals 
(in  vertical  bars)  at  the  four  observations  with  the  drug  combinations  at  the  fixed  ratio  of  1:1.  Panel  C 
shows  the  original  observations  effect  versus  dose  level  and  the  fitted  dose-response  curves  using  the 
median-effect  equation.  Panel  D  shows  the  contour  plot  of  the  raw  data. 
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along  with  their  95%  confidence  intervals  are  shown  in  Fig.  2B.  The  95%  confidence 
intervals  of  the  interaction  indices  at  the  combination  doses  (0.1,  0.1)  and  (0.5, 
0.5)  contain  1,  indicating  that  the  two  combination  doses  are  additive,  while  the 
95%  confidence  intervals  of  the  interaction  indices  at  the  combination  doses  (1,  1) 
and  (2,  2)  are  below  1,  indicating  that  the  two  combination  doses  are  synergistic. 
Table  3  provides  summaries  of  the  estimated  synergy-antagonism  parameter,  its 
95%  confidence  interval,  and  the  conclusion  using  each  of  the  models  described 
in  Sections  3  and  4.  We  also  assessed  drug  interactions  for  the  combination  doses 
at  the  fixed  ratio  1:1  using  the  software  CalcuSyn  under  the  mutually  exclusive 
assumption  (Chou  and  Talalay,  1984)  and  concluded  that  the  combination  doses 
with  effects  less  than  0.45  are  synergistic,  while  the  combination  doses  with  effects 
greater  than  0.45  are  additive.  The  conclusions  based  on  CalcuSyn  are  consistent 
with  our  findings  based  on  the  procedure  in  Section  3. 

Since  the  data  for  each  drug  used  alone  follow  the  median  effect  equation 
reasonably  well,  we  can  use  the  median  effect  equation  as  dose-effect  curve  for  the 
models  described  in  Sections  4.1  to  4.3.  The  parameters  estimated  in  the  median 
effect  plot  could  be  used  as  the  initial  values  for  parameter  estimation.  We  fitted 
each  of  the  models  mentioned  in  Sections  4.1  to  Section  4.4,  and  plotted  the 
observed  values  and  the  fitted  dose-effect  curves  for  SCH66336,  4-HPR,  and  the 
mixture  of  the  drugs  at  the  fixed  ratio  of  1:1  (Figures  3 A,  3C,  4A,  and  4C),  where 
the  fitted  dose-response  curves  were  obtained  from  the  corresponding  response 
surface  models.  Selected  contours  of  each  fitted  response  surface  are  shown  in 
Figs.  3B,  3D,  4B,  and  4D.  Comparing  these  fitted  curves  with  the  raw  data  and 
comparing  the  contour  plot  of  each  fitted  response  surface  with  the  contour  plot 
of  the  raw  data  (Fig.  2D)  provide  a  crude  visual  assessment  of  whether  the  fit  is 
good  or  not.  The  residual  sum  of  squares  (RSS)  is  another  useful  measure  of  the 
goodness  of  fit. 

For  Greco’s  model,  the  initial  values  for  mx,  m2,  Dml,  Dm2,  are  given  in  Table  2, 
and  the  initial  value  for  a  was  set  as  0.  The  two-component  plot  is  shown  in 


Table  3  Summary  statistics  of  the  five  methods  for  detecting  drug  interactions  in  the  combined  therapy 
of  SCH66336  and  4-HPR  on  the  UMSCC22B  cell  line 


Model 

Drug 

Syn. 

Interaction  Parameter 
Add.  Ant. 

Estimated 

value 

95%  confidence 
interval 

RSS 

Conclusion 

Direct 

II  <  1 

11=  1 

II  >  1 

Calculation 

dt 

=  0.1,  d2  = 

=  0.1 

0.791 

[0.341,  1.833] 

NA 

Add. 

=  0.5,  d2  = 

=  0.5 

0.609 

[0.283,  1.312] 

NA 

Add. 

d2 

=  1.0,  d2  = 

=  1.0 

0.256 

[0.101,  0.647] 

NA 

Syn. 

dX 

=  2.0,  d2  = 

=  2.0 

0.103 

[0.031,  0.335] 

NA 

Syn. 

Greco’s 

a  >  0 

a  =  0 

a  <  0 

5.622 

[-0.464,  11.708] 

0.618 

Add. 

Machado’s 

0  <  r\  < 

1 

rj  =  1 

Y\  >  1 

0.507 

[0.327,  0.687] 

1.232 

Syn. 

Plummer’s 

/S4>0 

/?4=0 

A<o 

2.146 

[-0.014,  4.305] 

1.238 

Add. 

Carter’s 

P\2  >  0 

Pl2  —  0 

P\2  <  0 

-0.003 

[-0.087,  0.081] 

1.399 

Add* 

Note:  II  signifies  the  directly  calculated  Interaction  Index;  NA  signifies  not  applicable;  Syn.  indicates 
synergy;  Add.  indicates  additivity;  Ant.  indicates  antagonism.  RSS  indicates  residual  sum  of  squares; 
Add.*  indicates  that  Carter’s  model  did  not  provide  adequate  fit  to  the  data  although  the  drug 
interaction  parameter  and  its  confidence  interval  show  that  the  drug  combinations  are  additive. 
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Figure  3  Results  from  Greco’s  model  (Panels  A  and  B)  and  Machado’s  model  (Panel  C  and  D): 
Panels  A  and  C  show  the  observations  of  effect  E  versus  dose  and  the  fitted  dose  effect  curves  for 
drug  SCH66336,  drug  4-HPR,  and  the  mixture  of  the  two  drugs  at  the  fixed  ratio  of  1:1.  Panels  B 
and  D  are  the  contour  plots  of  the  fitted  response  surfaces. 


Fig.  3  (Panels  A  and  B)  and  RSS  =  0.618.  The  fitted  parameters  are  mx  =  -0.383, 
m2  =  —0.449,  Dml  =  1.316,  Dml  —  1.430,  and  the  estimated  synergy-antagonism 
parameter  a  =  5.622  with  standard  error  3.105.  The  95%  confidence  interval  for  a 
is  [—0.464,  11.708].  The  confidence  interval,  which  includes  0,  precludes  a  statement 
of  statistical  significance  for  a  being  different  from  0,  and  thus  synergy.  However, 
the  confidence  interval  of  a  expands  mostly  in  the  positive  range,  suggesting  that 
the  combinations  of  the  two  drugs  may  have  some  synergistic  effect  instead  of  pure 
additive  effect. 

For  Machado  and  Robinson’s  model,  the  initial  values  for  mx,  m2,  DmX, 
and  Dml  were  also  taken  from  Table  2  with  rj  =  0.7.  The  two  plots  are  shown  in 
Fig.  3  (Panels  C  and  D)  and  RSS  =  1.232.  The  fitted  parameters  are  mx  —  —0.471, 
m2  =  —0.538,  DmX  =  1.220,  Dml  =  1.282,  and  the  estimated  synergy-antagonism 
parameter  r\  =  0.507  with  standard  error  0.092,  so  the  95%  confidence  interval 
for  rj  is  [0.327,  0.687],  which  does  not  contain  1  and  indicates  synergy  for  the 
combinations  of  the  two  drugs. 

For  Plummer  and  Short’s  model,  the  initial  values  for  jS0,  fix  could  be  taken  as 
Po  x  and  slope  mx  in  Table  2.  The  initial  values  for  /32  and  /f3  were  set  at  ^Q,2~^0,1  and 
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A.  Fitted  Dose-Effect  Curves 


Figure  4  Results  from  Plummer’s  model  (Panels  A  and  B)  and  Carter’s  model  (Panels  C  and  D): 
Panels  A  and  C  show  the  observations  of  effect  E  versus  dose  and  the  fitted  dose  effect  curves  for 
drug  SCH66336,  drug  4-HPR,  and  the  mixture  of  the  two  drugs  at  the  fixed  ratio  of  1:1.  Panels  B 
and  D  are  the  contour  plots  of  the  fitted  response  surfaces. 


m2~m| ,  respectively.  We  used  the  Newton-Raphson  method  to  solve  D2  in  Plummer 
and  Short’s  model.  The  convergence  of  the  algorithm  is  sensitive  to  the  initial  value 
of  jS4.  One  should  try  different  initial  values  for  /?4  to  see  whether  the  solutions 
are  obtainable  and  converge  to  the  same  value.  In  this  example,  we  took  2.5  as 
the  initial  value  for  /?4.  The  corresponding  two  plots  are  shown  in  Fig.  4  (Panels  A 
and  B)  and  RSS  =  1.238.  The  fitted  parameters  are  jS0  =  0.099,  jSj  =  -0.473,  fi2  = 
—  0.083,  /?3  =  0.120,  and  the  estimated  synergy-antagonism  parameter  /?4  =  2.146 
with  standard  error  1.102,  so  the  95%  confidence  interval  for  /i4  is  [—0.014,  4.305]. 
Similar  to  Greco’s  model,  the  confidence  interval  includes  0,  but  just  barely. 
The  conclusion  is  that  these  combinations  of  the  two  drugs  are  additive. 

For  Carter’s  model  (17),  the  initial  values  can  be  obtained  using  logistic 
regression  for  each  single  drug.  The  two  plots  are  shown  in  Fig.  4  (Panels  C  and 
D).  The  fitted  parameters  were  jS0  =  0.590,  jSj  =  -0.331,  and  jS2  =  -0.516.  The 
estimated  synergy-antagonism  parameter  /?12  =  —0.003  with  standard  error  0.043, 
thus  the  95%  confidence  interval  for  jS12,  [—0.087,  0.081],  contains  zero,  indicating 
the  combinations  are  additive.  From  the  plots  in  Fig.  4  (Panels  C  and  D),  we  can 
see  that  the  fit  is  not  good  either  for  a  single  drug  or  for  the  mixture  of  the  two 
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drugs,  and  the  contour  plot  of  the  fitted  surface  is  far  away  from  the  contour  of  the 
raw  data.  These  figures  show  that  Carter’s  model  does  not  provide  a  good  fit  for 
our  data.  Table  3  also  shows  that  Carter’s  model  yields  the  largest  RSS(=1.399). 

In  conclusion,  we  have  fitted  five  models  to  the  data  in  Table  1  with  summary 
statistics  shown  in  Table  3.  We  compared  the  fitted  dose-effect  curves  with  raw 
data  given  in  Figs.  2C,  3A,  3C,  4A,  and  4C.  In  addition,  the  fitted  contour  plots  in 
Figs.  3B,  3D,  4B,  and  4D  were  compared  to  the  raw  data  contour  plot  in  Fig.  2D. 
The  correlation  coefficients  in  Table  2  and  standard  regression  diagnostics  indicated 
that  the  Chou  and  Talalay  model  fits  the  data  well.  Data  analysis  by  the  Machado 
and  Robinson’s  model  led  us  to  the  conclusion  that  the  combinations  of  the  two 
drugs  are  synergistic  on  the  UMSCC22B  cell  line  (Table  3).  The  directly  calculated 
interaction  indices  and  their  confidence  intervals  based  on  the  procedure  in  Section  3 
indicate  that  the  combination  doses  at  moderate  to  high  dose  level  are  synergistic 
but  the  combination  doses  at  low  level  are  additive.  The  coexistence  of  synergy 
and  additivity  of  the  two  agents  probably  explains  why  the  confidence  intervals  for 
Greco’s  a  and  Plummer  and  Short’s  jS4  barely  include  zero  but  tend  to  be  positive. 
These  findings  also  indicate  that  the  RSM  using  a  single  parameter  to  capture  drug 
interactions  is  not  adequate  when  synergy,  additivity,  and  antagonism  intersperse. 

We  developed  S-PLUS/R  programs  to  provide  estimates  for  each  of 
the  five  methods  described.  The  S-PLUS/R  code  and  the  data  example  are 
available  in  synergy  which  can  be  downloaded  from  http:  //biostatistics.mdanderson. 
o  rg/Softwa  reD  ownload/. 


7  DISCUSSION  AND  FUTURE  RESEARCH 

Based  on  the  directly  calculated  interaction  indices  and  their  confidence 
intervals  in  Section  3,  one  can  only  assess  drug  interactions  for  selected  combination 
doses.  More  general  approaches  for  estimating  interaction  indices  and  their 
associated  confidence  intervals  should  be  derived  to  provide  an  efficient  way  to 
assess  drug  interaction  in  the  situation  when  synergy,  additivity,  and  antagonism 
intersperse.  Furthermore,  if  the  dose-effect  curve  for  a  single  drug  does  not  follow 
the  median  effect  equation,  alternative  models  with  a  better  fit  should  be  considered 
to  provide  a  more  accurate  assessment  of  drug  interaction. 

Response  surface  models  provide  a  reasonable  overall  picture  of  dose  response 
relationships.  However,  our  case  study  in  Section  6  illustrates  that  these  response 
surface  models  are  not  adequate  to  describe  the  pattern  when  some  combination 
doses  are  synergistic  while  other  combination  doses  are  additive  or  antagonistic, 
e.g.,  in  the  case  that  a  response  surface  has  a  similar  contour  as  PRSTQ  (Fig.  1, 
Panel  B).  Generally  speaking,  such  limitation  exists  for  all  response  surface  models 
using  a  single  synergy-antagonism  parameter.  New  methods  are  needed  to  identify 
and  quantify  departures  from  additivity  when  synergism  and  antagonism  are 
inconsistent  over  all  combination  doses  within  the  same  data.  Kong  and  Lee  (2006a) 
extend  Plummer  and  Short’s  approach  and  use  a  function  of  the  two  doses  dx 
and  d2  instead  of  the  single  parameter  /f4  to  capture  drug  interactions.  Kong 
and  Lee  (2006b)  propose  a  two-component  semiparametric  model  to  capture  the 
mixed  patterns  of  drug  interactions.  These  extended  approaches  can  detect  different 
patterns  of  synergy  and  antagonism  among  combination  doses  of  two  drugs. 


478 


LEE  ET  AL. 


For  our  data  set,  we  had  only  a  single  outcome  measure,  i.e.,  fraction  of 
surviving  cells,  at  each  combination  dose.  We  used  the  least-squares  method  to 
estimate  the  parameters  in  the  models  as  mentioned  above.  The  results  will  be  the 
same  as  the  maximum  likelihood  estimate  for  normally  distributed  errors.  If  we 
have  multiple  observations  for  each  drug  combination,  we  can  detect  whether  the 
variance  is  constant,  and,  if  not,  use  the  weighted  least-squares  method  to  improve 
the  fit.  Although  we  applied  the  above  five  methods  to  in  vitro  study  data,  these 
methods  can  be  applied  to  in  vivo  studies  as  well.  For  example,  if  we  know  the  total 
number  of  subjects  ( n )  and  the  number  of  subjects  (r)  who  respond  to  the  treatment 
at  each  drug  combination,  we  can  assume  that  r  follows  a  binomial  distribution 
with  parameter  n  and  E ,  where  E  is  the  expected  probability  of  response  (i.e., 
the  expected  response  rate)  at  the  combination.  Then  we  may  use  the  maximum 
likelihood  method  to  estimate  the  parameters  in  each  model.  Further  statistical 
inferences  can  be  made  accordingly. 

One  of  the  important  issues  in  studying  drug  synergy  is  to  devise  the  most 
proper  and  efficient  experimental  design.  Tan  et  al.  (2003)  proposed  an  optimal 
experimental  design  in  the  sense  that  it  reduces  the  variability  in  modeling  synergy 
while  allocating  the  doses  to  minimize  the  sample  size  and  to  extract  maximum 
information  on  the  joint  action  of  the  drugs.  Straetemans  et  al.  (2005)  gave  a 
ray  design  for  96-well  experiment  and  used  a  three-parameter  log-logistic  model 
to  assess  synergy.  As  the  interest  in  combination  therapy  continues  to  increase, 
methodology  development  and  experimental  design  for  studying  drug  interaction 
deserve  more  attention. 
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Abstract 

The  flexible  heteroarotinoids  (Flex-Het)  represent  a  novel  type 
of  atypical  retinoids  lacking  activity  in  binding  to  and 
transactivating  retinoid  receptors.  Preclinical  studies  have 
shown  that  Flex-Hets  induce  apoptosis  of  cancer  cells  while 
sparing  normal  cells  and  exhibit  anticancer  activity  in  vivo 
with  improved  therapeutic  ratios  over  conventional  retinoid 
receptor  agonists.  Flex-Hets  have  been  shown  to  induce 
apoptosis  through  activation  of  the  intrinsic  apoptotic 
pathway.  The  present  study  has  revealed  a  novel  mechanism 
underlying  Flex-Het-induced  apoptosis  involving  induction  of 
death  receptor  5  (DR5).  The  representative  Flex-Het  SHetA2 
effectively  inhibited  the  growth  of  human  lung  cancer  cells  in 
cell  culture  and  in  mice.  SHetA2  induced  apoptosis,  which 
could  be  abrogated  by  silencing  caspase-8  expression,  indi¬ 
cating  that  ShetA2  triggers  a  caspase-8-dependent  apoptosis. 
Accordingly,  SHetA2  up-regulated  DR5  expression,  including 
cell  surface  levels  of  DR5,  and  augmented  tumor  necrosis 
factor-related  apoptosis-inducing  ligand  (TRAIL) -induced 
apoptosis.  Importantly,  small  interfering  RNA  (siRNA) -medi¬ 
ated  blockade  of  DR5  induction  conferred  cell  resistance  to 
SHetA2-induced  apoptosis,  as  well  as  SHetA2/TRAIL-induced 
apoptosis.  These  results  show  that  DR5  induction  is  a  key 
component  of  apoptosis  induced  by  SHetA2  or  by  SHetA2 
combined  with  TRAIL.  SHetA2  exerted  CAAT/enhancer- 
binding  protein  homologous  protein  (CHOP)-dependent  trans¬ 
activation  of  the  DR5  promoter.  Consistently,  SHetA2  induced 
CHOP  expression,  which  paralleled  DR5  up-regulation,  whereas 
siRNA-mediated  blockage  of  CHOP  induction  prevented  DR5 
up-regulation,  indicating  CHOP-dependent  DR5  up-regulation 
by  SHetA2.  Collectively,  we  conclude  that  CHOP-dependent  DR5 
up-regulation  is  a  key  event  mediating  SHetA2-induced 
apoptosis.  [Cancer  Res  2008;68(13):5335-44] 

Introduction 

Retinoids,  including  natural  retinoic  acid  and  its  synthetic 
derivatives,  are  a  group  of  promising  anticancer  agents  endowed 
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with  both  therapeutic  and  chemopreventive  potential  (1).  Treat¬ 
ment  of  acute  promyelocytic  leukemia  with  all-trans  retinoic  acid 
is  a  successful  example  (2).  However,  the  exploitation  of  the  full 
potential  of  retinoids  as  chemopreventive  and/or  therapeutic 
drugs,  particularly  against  solid  tumors,  has  been  hampered  largely 
by  their  local  and  systemic  toxicity  and  side  effects,  which  are  often 
associated  with  their  ability  to  activate  nuclear  retinoid  receptors 
(1,  3).  Thus,  efforts  have  been  made  for  the  past  decades  to  develop 
novel  retinoid-like  compounds  or  atypical  retinoids,  which  retain 
anticancer  activity  of  retinoids  with  minimal  toxicity  and  side 
effects  (3).  SHetA2  (see  structure  in  Fig.  L4)  is  such  a  compound 
because  it  did  not  activate  retinoic  acid  receptor  and  retinoid  X 
receptor  receptors  in  receptor  cotransfection  assays  and  reporter 
cell  lines  (4),  rescue  or  induce  embryonic  malformations  in  a 
RALDH  knockout  mouse  model  (5),  or  cause  skin  irritancy  in  a 
murine  topical  irritancy  model  (6).  Thus,  SHetA2  functions  inde¬ 
pendently  of  retinoid  receptors  (7,  8).  Accordingly,  SHetA2  lacks 
conventional  retinoid  toxicities,  such  as  skin  irritation  or  tera- 
togenecity,  when  tested  in  animal  models  (5,  6).  However,  SHetA2 
has  the  ability  to  induce  differentiation  or  reverse  the  cancerous 
phenotype  (9).  Moreover,  SHetA2  induces  apoptosis  in  cancer  cells 
while  sparing  normal  cells  (7,  10).  Importantly,  SHetA2  effectively 
inhibits  tumor  growth  in  vivo  without  evidence  of  toxicity  (6). 
Because  of  these  encouraging  results,  SHetA2  was  chosen  for  eva¬ 
luation  in  the  National  Cancer  Institute’s  Rapid  Access  to 
Intervention  Development  program  (Application  196,  compound 
NSC  726189)  and  is  now  in  the  Rapid  Access  to  Preventive  Inter¬ 
vention  Development  program,  showing  a  potential  as  a  cancer 
chemopreventive  and  therapeutic  agent. 

It  is  well  known  that  there  are  two  major  apoptotic  pathways: 
the  extrinsic  apoptotic  pathway  involving  signals  transduced 
through  death  receptors  (DR)  and  the  intrinsic  apoptotic  pathway 
relying  on  signals  from  the  mitochondria.  Both  pathways  involve 
the  activation  of  a  set  of  caspases,  which  in  turn  cleave  cellular 
substrates  and  result  in  the  characteristic  morphologic  and  bio¬ 
chemical  changes  constituting  the  process  of  apoptosis  (11,  12). 
The  extrinsic  pathway  is  characterized  by  the  trimerization  of  cell 
surface  DRs  and  activation  of  caspase-8,  whereas  the  intrinsic 
pathway  involves  in  the  disruption  of  mitochondrial  membranes, 
the  release  of  cytochrome  c  from  the  mitochondria,  and  the 
activation  of  caspase-9.  Through  caspase-8-mediated  cleavage  or 
truncation  of  Bid,  the  extrinsic  DR  apoptotic  pathway  is  linked  to 
the  intrinsic  mitochondrial  apoptotic  pathway  (11,  12). 

The  death  ligand  tumor  necrosis  factor-related  apoptosis- 
inducing  ligand  (TRAIL)  and  its  receptors  have  recently  attracted 
much  attention  because  TRAIL  preferentially  induces  apoptosis  in 
transformed  or  malignant  cells  while  sparing  most  normal  cells, 
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Figure  1.  SHetA2  (A)  decreases  the 
survival  (B)  and  induces  apoptosis  (C) 
of  human  NSCLC  cells  and  inhibits  the 
growth  of  lung  cancer  xenografts  (D). 

A,  chemical  structure  of  SHetA2.  B,  the 
indicted  NSCLC  cell  lines  were  seeded  in 
96-well  cell  culture  plates  and  treated 
the  next  day  with  the  given  concentrations 
of  SHetA2.  After  3  d,  cell  number  was 
estimated  using  the  SRB  assay.  Cell 
survival  was  expressed  as  the  percentage 
of  control  (DM SO-treated)  cells.  Points, 
means  of  four  replicate  determinations; 
bars,  SDs.  C,  the  indicated  NSCLC  cell 
lines  were  treated  with  the  given 
concentrations  of  SHetA2  for  48  h.  Cell 
death  including  apoptosis  and  necrosis 
from  these  cell  lines  were  then  determined 
by  Annexin  V  staining.  D,  mice  carrying 
A549  xenografts  were  treated  with  vehicle 
control  or  SHetA2  by  oral  gavage  (daily)  for 
8  d.  Tumor  sizes  were  measured  once 
every  2  d.  Points,  mean;  bars,  SE  (. n  =  6). 
*,  P  <  0.05  compared  with  vehicle  control 
using  Student’s  t  test. 


demonstrating  potential  as  a  tumor-selective  apoptosis-inducing 
cytokine  for  cancer  treatment  (13).  Currently,  both  TRAIL  and 
agonistic  antibodies  against  DR4  or  DR5  are  being  tested  in  cancer 
clinical  trials  (14).  Importantly,  certain  cancer  therapeutic  agents 
sensitize  various  types  of  cancer  cells  to  TRAIL-induced  or 
agonistic  anti-DR4  or  DR5  antibody-induced  apoptosis  (13,  15). 
Thus,  these  agents  are  useful  in  combination  with  TRAIL  or  an 
agonistic  anti-DR4  or  DR5  antibody  to  augment  induction  of 
apoptosis.  It  is  well  known  that  TRAIL  binds  to  its  receptors:  DR4 
(also  called  TRAIL-R1)  and  DR5  (also  named  Apo2,  TRAIL-R2,  or 
Killer/DR5)  to  activate  the  extrinsic  apoptotic  pathway  (13). 

Both  DR4  and  DR5  expressions  are  modulated  by  some  anti¬ 
cancer  agents  (16),  including  certain  synthetic  retinoids  (17-23). 
As  a  result,  these  agents  very  often  can  sensitize  cancer  cells  to 
TRAIL-induced  or  agonistic  DR4  or  DR5  antibody-induced 
apoptosis  (17,  20,  21).  Regulation  of  DR4  or  DR5  occurs  through 
p53-dependent  mechanisms  (24-26)  and  p53-independent  mech¬ 
anisms  [e.g.,  nuclear  factor-KB,  activator  protein  1,  and  CAAT/ 
enhancer-binding  protein  homologous  protein  (CHOP);  refs.  23, 
27-30].  It  has  been  recently  shown  that  CHOP,  also  known  as 
growth  arrest  and  DNA  damage  gene  153  (GADD153),  directly 
regulates  DR5  expression  through  a  CHOP  binding  site  in  the 
5-flanking  region  of  the  DR5  gene  (30,  31).  Thus,  certain  drugs 
induce  DR5  expression  through  CHOP-dependent  transactivation 
of  the  DR5  gene  (30-34). 

The  mechanism  of  SHetA2-induced  apoptosis  has  been  shown  to 
occur  through  the  intrinsic  mitochondrial  pathway  associated  with 
loss  of  mitochondrial  membrane  integrity,  generation  of  reactive 
oxygen  species,  release  of  cytochrome  c  from  the  mitochondria, 
and  activation  of  caspase-3  in  head  and  neck  cancer  cell  lines  (7). 


Likewise,  SHetA2  induces  apoptosis  in  human  ovarian  cancer  cells 
though  targeting  the  mitochondria  associated  with  alterations  in 
the  balance  of  Bcl-2  proteins,  independent  of  generation  of  reactive 
oxygen  species  (10).  It  seems  that  the  mechanisms  of  SHetA2 
may  vary  in  different  types  of  cancer  cells.  The  present  study 
investigated  the  effects  of  SHetA2  on  induction  of  apoptosis  and 
examined  the  underlying  mechanism  in  human  non-small  cell  lung 
cancer  (NSCLC)  cells,  which  are  typically  insensitive  to  most  of 
the  conventional  retinoids  (35).  Given  that  other  synthetic  atypical 
retinoids,  such  as  CD437  and  A^-(4-hydroxyphenyl)retinamide 
(4HPR),  modulate  the  expression  of  TRAIL  DRs  and  TRAIL- 
induced  apoptosis  independent  of  the  retinoid  receptors  (17-23), 
we  focused  on  studying  modulation  of  the  extrinsic  TRAIL 
DR-mediated  apoptotic  pathway  in  SHetA2-induced  apoptosis. 

Materials  and  Methods 

Reagents.  SHetA2  was  described  previously  (6)  and  dissolved  in  DMSO 
at  a  concentration  of  10  mmol/L,  and  aliquots  were  stored  at  —  80  °C.  Stock 
solution  was  diluted  to  the  appropriate  concentrations  with  growth 
medium  immediately  before  use.  Human  recombinant  TRAIL  was 
purchased  from  PeproTech,  Inc. 

Cell  lines  and  cell  culture.  The  human  NSCLC  cell  lines  used  in  this 
study  were  described  previously  (35).  These  cell  lines  were  grown  in 
monolayer  culture  in  RPMI  1640  supplemented  with  glutamine  and  5%  fetal 
bovine  serum  at  37°  C  in  a  humidified  atmosphere  consisting  of  5%  C02  and 
95%  air. 

Cell  growth  assay.  Cells  were  cultured  in  96-well  cell  culture  plates  and 
treated  the  next  day  with  the  agents  indicated.  Viable  cell  number  was 
estimated  using  the  sulforhodamine  B  assay,  as  previously  described  (35). 
Combination  index  (Cl)  for  drug  interaction  (e.g.,  synergy)  was  calculated 
using  the  CompuSyn  software  (ComboSyn,  Inc.). 
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Apoptosis  assays.  Apoptosis  was  detected  either  by  analysis  of  caspase 
activation  using  Western  blot  analysis  as  described  below  or  by  Annexin  V 
staining  using  Annexin  V-phycoerythrin  (PE)  apoptosis  detection  kit  (BD 
Bioscience)  following  the  manufacturer’s  instructions  and  analyzed  by  flow 
cytometry  using  the  FACScan  (Becton  Dickinson).  In  the  Annexin  V  assay, 
the  percentage  of  positive  cells  for  Annexin  V  (PE)  staining  only  in  the 
bottom  right  quadrant  and  for  both  Annexin  V  and  DNA  (7-AAD)  staining  in 
the  top  right  quadrant  represents  the  early  and  late  apoptotic  populations, 
respectively.  The  percentage  of  positive  cells  for  DNA  staining  only  in  the 
top  left  quadrant  represents  the  necrotic  population. 

Western  blot  analysis.  Preparation  of  whole-cell  protein  lysates  and 
Western  blot  analysis  were  described  previously  (36).  Mouse  anti-caspase-3 
monoclonal  antibody  was  purchased  from  Imgenex.  Rabbit  polyclonal 
antibodies  against  caspase-8,  caspase-9,  Bid,  and  poly(ADP-ribose)  poly¬ 
merase  (PARP),  respectively,  were  purchased  from  Cell  Signaling  Technol¬ 
ogy.  Mouse  anti-caspase-10  monoclonal  antibody  was  purchased  from  MBL 
International.  Rabbit  polyclonal  anti-DR5  antibody  was  purchased 
from  ProSci,  Inc.  Mouse  monoclonal  anti-DR4  antibody  (B-N28)  was 
purchased  from  Diaclone.  Mouse  anti-TRAIL  monoclonal  antibody  was 
purchased  from  Imgenex.  Mouse  monoclonal  anti-CHOP  antibody  (B-3) 
was  purchased  from  Santa  Cruz  Biotechnology.  Rabbit  anti-(3-actin 
polyclonal  antibody  and  mouse  anti-tubulin  monoclonal  antibody  was 
purchased  from  Sigma  Chemicals. 

Detection  of  cell  surface  TRAIL  receptors.  The  procedure  for  direct 
antibody  staining  and  subsequent  flow  cytometric  analysis  of  cell  surface 
proteins  was  described  previously  (33).  The  mean  fluorescent  intensity 
(MFI)  that  represents  antigenic  density  on  a  per  cell  basis  was  used  to 
represent  TRAIL  receptor  expression  level.  PE-conjugated  mouse  anti¬ 
human  DR5  (DJR2-4),  anti-human  DR4  (DJR1),  anti-human  DcRl 
(DJR3),  and  anti-human  DcR2  (DJR4-1)  monoclonal  antibodies  and 
PE  mouse  IgGl  isotype  control  (MOPC-21/P3)  were  purchased  from 
eBioscience. 

Gene  silencing  using  small  interfering  RNAs.  Silencing  of  caspase-8, 
DR5,  and  CHOP  were  achieved  by  transfecting  small  interfering  RNA 
(siRNA)  using  RNAifect  transfection  reagent  (Qiagen)  following  the 
manufacturer’s  instructions.  Control  (i.e.,  nonsilencing),  caspase-8,  DR5, 
and  CHOP  siRNAs  were  described  previously  (33,  37).  These  siRNAs  were 
synthesized  from  Qiagen.  Cells  were  plated  in  six-well  cell  culture  plates  and 
transfected  the  next  day  with  the  given  siRNAs.  After  24  h,  the  cells  were 
trypsinized  and  replated  in  new  plates  and,  on  the  second  day,  treated  with 


SHetA2,  as  indicated.  Gene  silencing  effects  were  evaluated  by  Western  blot, 
as  described  above,  after  indicated  times  of  treatment. 

Construction  of  DR5  reporter  plasmid,  transient  transfection,  and 
luciferase  activity  assay.  pGL3-DR5(— 552)  containing  a  wild- type  CHOP 
binding  site  and  pGL3-DR5(— 552)CHOPm,  in  which  the  CHOP  binding  site 
was  mutated,  were  generously  provided  by  H.G.  Wang  (University  of  South 
Florida  College  of  Medicine;  ref.  30).  The  pGL3-DR5(-420)  and  pGL3- 
DR5(— 240)  reporter  construct  were  described  previously  (33).  The  reporter 
constructs  containing  —1,400  and  —810  bp  5'-flanking  regions  of  the  DR5 
gene  upstream  of  the  translation  start  site,  respectively,  were  amplified  by 
PCR  using  the  plasmid  containing  a  5'-flanking  region  of  DR5  gene  provided 
by  Dr.  G.S.  Wu  (Wayne  State  University  School  of  Medicine)  as  a  template. 
These  amplified  fragments  were  then  subcloned  into  pGL3-basic  reporter 
vector  (Promega)  through  Kpnl  and  Bglll  restriction  sites.  In  the  PCR 
amplification,  the  same  reverse  primer  5  -CTTAAGAT CT GGCGGTAGG- 
GAACGCTCTTATAGTC-3'  was  used  to  make  these  constructs.  The 
upstream  primers  were  5'-CTTAGGTACCGCAATAAATCTTGCTACTGC-3' 
(for  -1,400)  and  5'-CTTAGGTACCAGCTACATGGGAGGCTGAGG-3'  (for 
—810),  respectively.  These  constructs  were  named  pGL3-DR5(— 1,400)  and 
pGL3-DR5(— 810),  respectively.  The  plasmid  transfection  and  luciferase 
assay  were  the  same,  as  described  previously  (33). 

Lung  cancer  xenograft  and  treatments.  Animal  experiments  were 
approved  by  the  Institutional  Animal  Care  and  Use  Committee  of  Emory 
University.  Four-week-old  to  6-wk-old  female  athymic  (nu/nu)  mice  ( ~  20  g 
of  body  weight)  were  ordered  from  Taconic  and  housed  under  pathogen- 
free  conditions  in  microisolator  cages  with  laboratory  chow  and  water 
ad  libitum.  The  A549  cells  (5  x  106)  in  serum-free  medium  were  injected  s.c. 
into  the  flank  region  of  nude  mice.  When  tumors  reached  certain  size 
ranges  (50-100  mm3),  the  mice  were  randomized  into  two  groups  (n  =  6  per 
group)  according  to  tumor  volumes  and  body  weights  for  the  following 
treatments:  vehicle  control  and  SHetA2  dissolved  in  sesame  oil  (oral  gavage; 
daily).  Tumor  volumes  were  measured  using  caliper  measurements  once 
every  2  d  and  calculated  with  the  formula  V  =  (length  x  width2)  /  6. 


Results 

SHetA2  inhibits  the  growth  of  human  NSCLC  cells  in  vitro 
and  in  vivo  and  induces  apoptosis.  We  began  our  study  by 
examining  the  effects  of  SHetA2  on  the  growth  of  a  panel  of  human 


Figure  2.  Effects  of  SHetA2  on  cleavage 
of  caspases  and  their  substrates  (A) 
and  effect  of  caspase-8  silencing  on 
SHetA2-induced  caspase  cleavage  (B) 
and  decrease  in  cell  survival  (C).  A,  the 
indicated  cell  lines  were  exposed  to 
the  given  concentrations  of  SHetA2  for 
30  h.  The  cells  were  then  harvested 
for  preparation  of  whole-cell  protein  lysates 
and  subsequent  Western  blot  analysis 
for  detecting  cleavage  of  caspases  and 
their  substrates.  B  and  C,  A549  cells  were 
cultured  in  a  six-well  plate  and  the  next 
day  transfected  with  control  {Ctrl)  or 
caspase-8  siRNA.  Twenty-four  hours  after 
transfection,  the  cells  were  re-seeded  in  a 
six-well  plate  or  in  a  96-well  plate.  On  the 
second  day,  the  cells  were  treated  with 
DMSO  or  10  pmol/L  SHetA2  (in  the 
six-well  plate;  B)  or  with  the  indicated 
concentrations  of  SHetA2  (in  the  96-well 
plate;  C).  After  48  h,  the  cells  were 
subjected  to  preparation  of  whole-cell 
protein  lysates  and  subsequent  Western 
blot  analysis  (B)  or  to  an  estimation 
of  cell  number  using  the  SRB  assay  (C). 
C,  columns,  mean  of  four  replicate 
determinations;  bars,  SD.  Procasp, 
procaspase;  CF,  cleaved  fragment. 
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Figure  3.  Effects  of  SHetA2  on  the 
expression  of  DR5,  DR4,  and  TRAIL 
(A  and  B)  and  cell  surface  distributions  of 
TRAIL  receptors  (C)  in  human  NSCLC 
cell  lines.  A  and  B,  the  indicated  cell  lines 
were  treated  with  the  given  concentrations 
of  SHetA2  for  16  h  (A)  or  with  5  |amol/L 
SHetA2  for  the  given  time  as  indicated  ( B ). 
The  cells  were  then  subjected  to 
preparation  of  whole-cell  protein  lysates 
and  subsequent  Western  blot  analysis. 

P,  positive  control  lysates  prepared 
from  human  HaCaT  keratinocytes.  C,  the 
indicated  cell  lines  were  treated  with 
10  i-imol/L  SHetA2  for  16  h  and  then 
harvested  for  analysis  of  cell  surface 
TRAIL  receptors  by  immunofluorescent 
staining  and  subsequent  flow  cytometry. 
The  filled  gray  peaks  represented  cells 
stained  with  a  matched  control 
PE-conjugated  IgG  isotype  antibody. 

The  open  peaks  were  cells  stained  with 
PE-conjugated  antibody  against  an 
individual  TRAIL  receptor. 


NSCLC  cell  lines,  which  are  typically  resistant  to  the  conventional 
retinoids  (35).  As  presented  in  Fig.  IB,  SHetA2  exhibited 
concentration-dependent  effects  on  decreasing  the  number  of 
six  tested  NSCLC  cell  lines  with  comparable  activity,  indicating 
that  SHetA2  effectively  inhibits  the  growth  of  human  NSCLC  cells. 
The  IC50s,  which  are  the  concentrations  required  for  inhibiting 
cell  growth  by  50%,  were  ~  2  pmol/L  for  all  these  cell  lines  after 
a  3-day  exposure.  Moreover,  we  showed  that  SHetA2  exerted 
concentration-dependent  effects  on  increasing  apoptotic  cell 
death  of  the  six  NSCLC  cell  lines  after  a  prolonged  treatment 
(e.g.,  48  h).  Among  these  cell  lines,  H1299  cells  were  relatively 
less  sensitive  to  SHetA2-induced  apoptosis,  because  SHetA2  at 
10  pmol/L  induced  <20%  apoptotic  cells  (Fig.  1C).  In  addition  to 
induction  of  apoptosis,  SHetA2  induced  either  G1  (e.g.,  H1299)  or 
G2-M  (e.g.,  H460,  A549,  and  HI 57)  cell  cycle  arrest  (see  Supple¬ 
mentary  Fig.  SI).  Together,  these  results  suggest  that  SHetA2 
inhibits  the  growth  of  NSCLC  cells  through  both  apoptosis 
induction  and  growth  arrest. 

Using  a  A549  xenograft  model  in  nude  mice,  we  found  that 
SHetA2  significantly  inhibited  the  growth  of  A549  xenografts 
(P  <  0.05;  Fig.  ID),  indicating  that  SHetA2  also  effectively  inhibits 
the  growth  of  human  lung  tumors  in  vivo.  We  noted  that  there 
was  a  reduction  of  mouse  body  weight  (10-15%)  during  the  treat¬ 
ment,  suggesting  that  the  current  treatment  schedule  with  the 
maximal  tolerated  dose  of  60  mg/kg  may  have  some  toxicity. 

SHetA2  induces  caspase-8-dependent  apoptosis.  To  show  the 
mechanism  by  which  SHetA2  induces  apoptosis,  we  determined 


the  effects  of  SHetA2  on  the  activation  of  intracellular  caspase 
cascades  and  its  dependence  on  caspase  activation.  Procaspase-10 
was  not  detected  in  H157  and  H1299  cells  or  was  not  altered  in 
A549  cells.  The  levels  of  procaspase-9  and  Bid  were  decreased  in  a 
dose-dependent  manner  in  both  HI 57  and  A549  cell  lines,  but  not 
in  H1299  cells.  Consistently,  cleavage  of  procaspase-8,  procaspase- 
3,  and  PARP  was  detected  in  SHetA2-treated  H157  and  A549  cell 
lines,  but  cleavage  of  these  proteins  was  not  detected  or  only 
minimally  detected  in  SHetA2-treated  H1299  cells  (Fig.  2 A).  These 
results  indicate  that  both  caspase-8-mediated  and  caspase-9- 
mediated  caspase  cascades  are  activated  during  SHetA2-induced 
apoptosis.  Because  caspase-8  activation  can  result  in  activation 
of  the  caspase-9-mediated  cascade,  we  questioned  whether  this 
was  the  case  in  SHetA-induced  apoptosis.  To  this  end,  we  inhibited 
caspase-8  activation  by  silencing  caspase-8  expression  using  a 
caspase-8  siRNA.  As  shown  in  Fig.  2 B,  we  detected  pro-forms 
of  caspase-8  and  cleaved  caspase-8  in  control  siRNA-transfected 
cells,  but  not  in  caspase-8  siRNA-transfected  cells,  indicating  a 
successful  silencing  of  caspase-8  expression.  Correspondingly, 
we  detected  cleaved  forms  of  caspase-9,  caspase-3,  and  PARP  in 
control  siRNA-transfected  cells,  but  not  in  caspase-8  siRNA- 
transfected  cells.  Moreover,  the  effect  of  SHetA2  on  decreasing 
cell  number  was  substantially  attenuated  in  caspase-8  siRNA- 
transfected  cells  compared  with  that  in  control  siRNA-transfected 
cells  (Fig.  2 C).  Thus,  these  results  collectively  show  that  SHetA2 
induces  caspase-8-dependent  apoptosis.  In  addition,  caspase-9 
activation  induced  by  SHetA2  is  secondary  to  caspase-8  activation. 
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SHetA2  up-regulates  DR5  expression.  Given  that  caspase-8 
activation  plays  a  critical  role  in  mediating  the  extrinsic  apoptotic 
pathway,  we  next  asked  whether  SHetA2  activates  the  DR-mediated 
apoptotic  pathway.  Therefore,  we  examined  the  effects  of  SHetA2 
on  the  expression  of  DR5,  DR4,  and  their  ligand  TRAIL.  As 
presented  in  Fig.  3 A,  SHetA2  at  5  or  10  pmol/L  increased  the  levels 
of  DR5  protein  in  all  the  tested  cells  lines.  Under  the  same 
conditions,  SHetA2  did  not  increase  DR4  expression;  interestingly, 
SHetA2  even  decreased  the  levels  of  DR4  protein  in  some  cell  lines 
(e.g.,  A549  and  HI 792).  We  failed  to  detect  the  basal  levels  of  TRAIL 
or  increase  in  TRAIL  expression  in  H460,  H157,  H1299,  and  H1792 
cells.  In  cell  lines  that  did  express  TRAIL  (e.g.,  A549  and  Calu-1), 
SHetA2  either  did  not  alter  TRAIL  levels  (e.g.,  A549)  or  decreased 
TRAIL  expression  (e.g.,  Calu-1).  A  time  course  analysis  of  DR5 


expression  in  cells  exposed  to  SHetA2  showed  that  DR5  up- 
regulation  occurred  4  hours  post-SHetA2  treatment  and  was 
sustained  up  to  24  hours  (Fig.  3 B).  Given  that  functional  DR5  and 
other  TRAIL  receptors  are  located  on  the  cell  surface,  we  further 
analyzed  cell  surface  TRAIL  receptor  distributions  in  cells  exposed 
to  SHetA2.  All  three  tested  cell  lines  (i.e.,  H157,  A549,  and  H1299) 
expressed  basal  levels  of  DR5  and  DR4.  Upon  SHetA2  treatment, 
surface  DR5  but  DR4  levels  were  further  increased.  The  MFIs  of 
DR5  were  25  and  43  in  DMSO-treated  and  SHetA2-treated  HI 57 
cells,  respectively;  26  and  45,  respectively,  in  A549  cells;  and  11  and 
27,  respectively,  in  H1299  cells  (Fig.  3C).  In  H1299  cells,  we  found 
that  SHetA2  actually  decreased  the  levels  of  cell  surface  DR4.  The 
MFIs  of  DR4  in  H1299  cells  were  20  in  DMSO-treated  cells  and  12  in 
SHetA2- treated  cells  (Fig.  3C).  Cell  surface  DcRl  and  DcR2  were 


Figure  4.  SHetA2  combined  with  TRAIL 
synergistically  decreases  cell  survival 
(A  and  B )  and  induces  apoptosis 
(C  and  D)  in  human  NSCLC  cells. 

A  and  B,  the  indicated  cell  lines  were 
treated  with  the  given  concentrations  of 
SHetA2  alone,  TRAIL  alone,  and  their 
individual  combinations  as  indicated.  After 
24  h,  cell  number  was  estimated  using 
SRB  assay  for  calculation  of  cell  survival 
{A)  and  Cl  ( B )  with  CompuSyn  software. 
Columns,  mean  of  four  replicate 
determinations;  bars,  SDs.  A  Cl  smaller 
than  1  indicates  synergy.  C,  the  indicated 
cell  lines  were  treated  with  10  ng/mL 
(H460)  or  20  ng/mL  (A549  and  HI 57) 
TRAIL  alone,  10  |amol/L  SHetA2  alone, 
and  their  respective  combinations  as 
indicated.  After  24  h,  the  cells  were 
subjected  to  measurement  of  apoptosis 
using  Annexin  V  staining.  The  percentage 
of  positive  cells  in  the  top  right  and  bottom 
right  quadrants  were  added  to  yield  the 
total  of  apoptotic  cells.  D,  A549  cells  were 
treated  with  10  pmol/L  SHetA2  alone, 

20  ng/mL  TRAIL  alone,  and  their 
combination.  After  the  indicated  times,  the 
cells  were  subjected  to  preparation  of 
whole-cell  protein  lysates  and  subsequent 
Western  blot  analysis. 
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Figure  5.  Blockage  of  DR5  induction  (A) 
attenuates  the  ability  of  SHetA2  to  activate 
caspases  (A),  decrease  cell  survival  (B), 
induce  apoptosis  (C),  and  augment 
TRAIL-induced  apoptosis  (D)  in  human 
NSCLC  cells.  A  and  B,  the  indicated  cell 
lines  were  cultured  in  six-well  plates 
and  the  next  day  transfected  with  control 
or  DR5  siRNA.  Twenty-four  hours  after  the 
transfection,  cells  were  re-seeded  in 
six-well  plates  (A)  or  96-well  plates  ( B )  and 
treated  with  10  |amol/L  SHetA2  (A)  or  the 
indicated  concentrations  of  SHetA2  ( B ). 
After  48  h  (30  h  for  A549  in  A),  the  cells 
were  subjected  to  preparation  of  whole-cell 
lysates  and  Western  blot  analysis  {A) 
or  to  the  SRB  assay  for  calculation  of  cell 
survival  ( B ).  B,  columns,  mean  of  four 
replicate  determinations;  bars,  SD.  C  and 
D,  H157  (C)  or  A549  (D)  cells  were 
cultured  in  six-well  plates  and  the  next  day 
transfected  with  control  or  DR5  siRNA. 
Forty-eight  hours  after  the  transfection, 
the  cells  were  exposed  to  DMSO  or 
10  |amol/L  SHetA2  for  48  h  (C)  or  treated 
with  DMSO  control,  10  |imol/L  SHetA2 
alone,  20  ng/mL  TRAIL  alone,  or  SHetA2 
combined  with  TRAIL  for  24  h  (D).  The 
cells  were  then  harvested  for  Annexin  V 
assay  to  detect  apoptosis.  The  percentage 
of  positive  cells  in  the  top  right  and  bottom 
right  quadrants  were  added  to  yield  the 
total  of  apoptotic  cells. 


not  or  only  minimally  detected  in  these  three  cell  lines  and  not 
increased  by  SHetA2  (Fig.  3 C).  Collectively,  these  results  indicate 
that  SHetA2  primarily  up-regulates  DR5  expression,  including  cell 
surface  DR5  levels  in  human  NSCLC  cells. 

SHetA2  cooperates  with  TRAIL  to  augment  induction  of 
apoptosis.  If  SHetA2-induced  DR5  is  functional,  we  speculated 
that  inclusion  of  exogenous  recombinant  TRAIL  in  SHetA2 
treatment  would  result  in  enhanced  apoptosis  induction.  To  test 
this  hypothesis,  we  treated  four  NSCLC  cell  lines  (i.e.,  H1299, 
Calu-1,  A549,  and  H157)  with  SHetA2  alone,  TRAIL  alone,  or  both 
drugs  combined  and  then  assessed  cell  survival  and  apoptosis.  As 
presented  in  Fig.  44,  the  combination  of  SHetA2  at  concentrations 
of  2.5  to  10  pmol/L  with  either  dose  of  TRAIL  (20  or  40  ng/mL)  was 
much  more  effective  in  decreasing  tumor  cell  number  than  either 
single  agent  alone.  For  example,  in  Calu-1  cells,  both  SHetA2  alone 
at  5  pmol/L  and  TRAIL  (20  ng/mL)  alone  decreased  cell  number  by 
~  30%,  but  the  combination  of  the  two  agents  reduced  cell  number 
by  >80%,  which  is  greater  than  the  sum  of  the  effects  of  each  agent 
alone.  The  CIs  for  these  combinations  in  all  four  cell  lines  were 


smaller  than  1  (Fig.  4 B),  indicating  that  the  combination  of  SHetA2 
and  TRAIL  synergistically  decreases  cell  survival.  Moreover,  we 
used  Annexing  V  staining  to  detect  apoptosis  in  three  NSCLC  cell 
lines  (A549,  HI 57,  and  H460)  exposed  to  the  combination  of 
SHetA2  and  TRAIL.  During  a  24-hour  treatment,  the  SHetA2  and 
TRAIL  combination  was  much  more  effective  than  each  of  the 
single  agents  alone  in  increasing  apoptosis  (Fig.  4C).  For  example, 
in  H157  cells,  10  pmol/L  SHetA2  alone  and  20  ng/mL  TRAIL  alone 
induced  ~  14%  and  17%  apoptosis,  respectively;  however,  their 
combination  caused  ~  54%  of  cells  to  undergo  apoptosis  (Fig.  4C). 
By  Western  blotting,  we  also  detected  the  strongest  bands  of 
cleaved  caspases  and  PARP  or  the  most  reduction  of  procaspases 
and  PARP  in  cells  exposed  to  the  combination  of  SHetA2  and 
TRAIL  in  comparison  with  those  cells  treated  with  SHetA2  or 
TRAIL  alone  (Fig.  4D).  Collectively,  these  results  clearly  indicate 
that  SHetA2  synergizes  with  TRAIL  to  augment  induction  of 
apoptosis  in  human  NSCLC  cells. 

Induction  of  DR5  expression  is  required  for  SHetA2-induced 
apoptosis  and  augmentation  of  TRAIL-induced  apoptosis.  To 
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show  the  role  of  DR5  up-regulation  in  SHetA2-induced  apoptosis 
and  enhancement  of  TRAIL-induced  apoptosis,  we  blocked  DR5 
induction  through  siRNA-mediated  silencing  of  DR5  expression 
and  examined  its  effect  on  the  ability  of  SHetA2  to  trigger 
apoptosis  and  to  enhance  TRAIL-induced  apoptosis.  As  shown  in 
Fig.  5 A,  in  both  HI 57  and  A549  cells,  DR5  siRNA  transfection 
dramatically  decreased  basal  levels  of  DR5  expression  and,  more 
importantly,  abolished  SHetA2-induced  DR5  expression  as  detected 
by  Western  blot  analysis  (Fig.  5 A).  As  a  result,  the  cleavage  of 
casapse-8,  caspase-3,  and  PARP  were  substantially  inhibited  in  cells 
transfected  with  DR5  siRNA,  compared  with  control  siRNA- 
transfected  cells  (Fig.  5 A).  Accordingly,  SHetA2  had  attenuated 
effects  on  decreasing  cell  number  in  DR5  siRNA-transfected  cells 
compared  with  control  siRNA-transfected  cells  (Fig.  SB).  Consis¬ 
tently,  we  detected  less  apoptotic  cells  (  —  25%)  in  DR5  siRNA- 
transfected  cells  than  in  cells  transfected  with  control  siRNA 
(  —  45%;  Fig.  5C).  Collectively,  these  results  indicate  that  DR5 
induction  is  required  for  SHetA2-induced  apoptosis. 

In  addition,  we  examined  the  effect  of  siRNA-mediated  blockage 
of  DR5  induction  on  cooperative  induction  of  apoptosis  by  the 
combination  of  SHetA2  and  TRAIL.  As  shown  in  Fig.  5 D,  the 
combination  of  SHetA2  and  TRAIL  induced  —46%  apoptosis  in 
control  siRNA-transfected  cells  but  only  23%  apoptosis  in  DR5 


siRNA-transfected  cells,  indicating  that  DR5  induction  is  also 
important  for  cooperative  induction  of  apoptosis  by  the  SHetA2 
and  TRAIL  combination. 

SHetA2-induced  DR5  up-regulation  is  CHOP  dependent.  To 

understand  how  SHetA2  up-regulates  DR5  expression,  we  exam¬ 
ined  the  effects  of  SHetA2  on  the  transactivation  of  reporter 
constructs  with  different  lengths  of  DR5  5r-flanking  regions 
to  identify  the  region  responsible  for  SHetA2-mediated  DR5 
transactivation.  In  a  transient  transfection  and  luciferase  assay, 
SHetA2  minimally  increased  the  luciferase  activity  of  pGL3- 
DR5(— 240)  while  drastically  increasing  the  luciferase  activity 
of  pGL3-DR5(— 420),  pGL3-DR5(-810),  and  pGL3-DR5(-1400) 
(Fig.  6 A,  left),  indicating  that  the  region  between  —240  and  —420 
contains  essential  element(s)  responsible  for  SHetA2-induced  DR5 
transactivation.  There  is  a  CHOP  binding  site  in  this  region,  which 
has  been  shown  to  be  responsible  for  DR5  up-regulation  by  several 
anticancer  agents  (30-32).  Thus,  we  further  compared  the  effects  of 
SHetA2  on  the  transactivation  of  reporter  constructs  carrying  wild- 
type  and  mutated  CHOP  binding  sites,  respectively.  As  presented  in 
Fig.  6 A  (right),  SHetA2  increased  the  luciferase  activity  of  the 
constructs  carrying  the  wild-type  DR5  promoter  region,  but  did  not 
increase  the  luciferase  activity  of  the  construct  carrying  the  DR5 
promoter  region  with  the  mutated  CHOP  binding  site.  These  results 


Figure  6.  Induction  of  CHOP-dependent 
DR5  expression  (A  and  B)  and  ER  stress 
(C)  by  SHetA2  and  schematic  summary 
of  signaling  pathways  involved  in 
SHetA2-induced  apoptosis  (D).  A,  SHetA2 
increases  CHOP-dependent  DR5 
promoter  activity.  The  given  reporter 
constructs  with  different  lengths  of 
5'-flanking  region  of  the  DR5  gene  (left) 
or  the  reporter  constructs  with  wild-type 
and  mutated  CHOP  binding  sites  (right) 
were  cotransfected  with  pCHIIO 
plasmid  into  A549  cells.  After  24  h,  the 
cells  were  treated  with  DMSO  or  5  pmol/L 
SHetA2  for  16  h  and  then  subjected  to 
luciferase  assay.  Columns,  mean  of 
triplicate  determinations;  bars,  SDs. 

B,  SHetA2  exerts  time-dependent  effects 
on  inducing  CHOP  expression,  which  is 
responsible  for  DR5  up-regulation  by 
SHetA2.  The  indicated  cell  lines  (top)  were 
treated  with  10  pmol/L  SHetA2  for  the 
given  times  as  indicated  and  then 
subjected  to  preparation  of  whole-cell 
protein  lysates  and  subsequent  Western 
blot  analysis.  A549  cells  were  transfected 
with  control  or  CHOP  siRNA  (bottom). 
After  48  h,  the  cells  were  treated  with 
the  indicated  concentrations  of  SHetA2 
for  12  h  and  then  subjected  to  preparation 
of  whole-cell  protein  lysates  and 
subsequent  Western  blot  analysis. 

C,  the  indicated  cell  lines  were  treated  with 
10  pmol/L  SHetA2  for  the  given  times 

as  indicated  and  subjected  to  preparation 
of  whole-cell  protein  lysates  and 
subsequent  Western  blot  analysis. 

SE,  short  exposure.  D,  schematic 
summary  of  SHetA2-induced  apoptosis. 
CHOP-dependent  up-regulation  of  DR5  is 
important  for  SHetA2  to  regulate  the 
extrinsic  apoptotic  pathway,  including 
TRAIL-induced  apoptosis.  This  effect  may 
eventually  cooperate  with  other 
mechanisms,  e.g.,  effects  on  the  intrinsic 
apoptotic  pathway  (dashed  lines),  to  fully 
activate  apoptosis  of  cancer  cells. 
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clearly  indicate  that  the  CHOP  binding  site  in  the  DR5  promoter 
region  is  responsible  for  SHetA2-mediated  DR5  transactivation. 

We  next  determined  whether  SHetA2  increased  CHOP  levels  and, 
if  so,  whether  CHOP  is  responsible  for  DR5  induction.  By  Western 
blot  analysis,  we  detected  a  time-dependent  DR5  induction  accom¬ 
panied  by  CHOP  up-regulation  in  cells  exposed  to  SHetA2,  both 
of  which  occurred  at  4  hours  and  were  sustained  up  to  12-hour 
post-SHetA2  treatment  (Fig.  6 B,  top).  Moreover,  we  blocked 
SHetA2-induced  CHOP  expression  using  CHOP  siRNA  to  see  if 
blockage  of  CHOP  induction  abrogated  the  ability  of  SHetA2  to 
up-regulate  DR5  expression.  Indeed,  blockage  of  the  effect  of 
SHetA2  on  CHOP  induction  also  abrogated  the  ability  of  SHetA2  to 
up-regulate  DR5  expression  in  cells  transfected  with  CHOP  siRNA 
(Fig.  6 B,  bottom).  Thus,  these  results  clearly  indicate  that  SHetA2- 
induced  DR5  up-regulation  is  secondary  to  CHOP  induction. 
Collectively,  we  conclude  that  SHetA2  induces  a  CHOP-dependent 
DR5  expression. 

SHetA2  induces  endoplasmic  reticulum  stress.  It  is  well 
known  that  CHOP  is  one  of  the  highest  inducible  genes  during 
endoplasmic  reticulum  (ER)  stress  and  a  critical  component  of  ER 
stress-induced  apoptosis  (38,  39).  To  determine  whether  SHetA2 
induces  ER  stress,  resulting  in  CHOP  up-regulation,  we  further 
examined  modulation  of  other  featured  proteins  (e.g.,  Bip/GRP78, 
IREla,  eIF2a,  ATF4,  and  XBP1)  of  ER  stress  (39,  40)  in  cells  exposed 
to  SHetA2.  As  presented  in  Fig.  6C,  SHetA2  increased  the  levels  of 
Bip/GRP78,  IREla,  ATF4,  and  XBP1  in  a  time-dependent  manner  in 
both  A549  and  H157  cells,  which  occurred  early  at  2  hours  and 
were  sustained  up  to  12  hours.  In  addition,  we  found  that  SHetA2 
weakly  increased  levels  of  p-eIF2a  in  these  cell  lines.  However, 
these  effects  were  transient  because  SHetA2  increased  p-eIF2a 
levels  only  at  early  times  (e.g.,  2  hours).  Collectively,  these  results 
suggest  that  SHetA2  induces  ER  stress  in  human  NSCLC  cells. 

Discussion 

By  studying  the  effects  of  SHetA2  on  the  growth  of  human 
NSCLC  cells,  the  present  study  has  shown  that  SHetA2  effectively 
inhibits  the  growth  of  human  NSCLC  cells  through  induction  of 
both  apoptosis  and  cell  cycle  arrest.  Importantly,  SHetA2 
significantly  inhibits  the  growth  of  human  lung  cancer  xenografts 
in  nude  mice.  Thus,  our  results  show  the  efficacy  of  SHetA2  for 
treatment  of  lung  cancer  and  thereby  warrant  further  evaluation  of 
SHetA2  as  a  potential  anticancer  agent  against  lung  cancer.  We 
noted  that,  upon  SHetA2  treatment,  H1299  cells,  which  are  the  least 
sensitive  to  induction  of  apoptosis,  primarily  underwent  Gx  arrest, 
whereas  H460,  A549  and  HI 57  cells,  which  are  relatively  sensitive  to 
induction  of  apoptosis,  underwent  G2-M  arrest.  Whether  Gi  arrest 
confers  apoptosis  resistance  to  SHetA2  in  H1299  cells  needs  further 
investigation. 

In  this  study,  we  found  that  SHetA2  increased  cleavage  of 
both  caspase-8  and  caspase-9.  Importantly,  silencing  of  caspase-8 
using  the  caspase-8  siRNA  abrogated  SHetA2-induced  cleavage 
of  caspase-9,  caspase-3,  and  PARP  and  attenuated  the  ability  of 
SHetA2  to  decrease  the  survival  of  lung  cancer  cells  (Fig.  2). 
Thus,  we  conclude  that  SHetA2  induces  caspase-8-dependent 
apoptosis.  Given  that  silencing  of  caspase-8  prevents  caspase-9 
from  activation,  it  seems  that  caspase-9  activation  is  secondary  to 
caspase-8  activation  during  SHetA2-induced  apoptosis.  It  has  been 
shown  that  SHetA2  activates  the  mitochondrial  apoptotic  pathway 
in  other  types  of  cancer  cells  (8,  10).  In  our  study,  we  also  observed 
the  cleavage  of  Bid,  a  caspase-8  substrate  that  mediates  caspase-8- 


dependent  activation  of  mitochondrial  apoptosis,  in  SHetA2- 
treated  cells.  Thus,  it  is  likely  that  SHetA2  induces  apoptosis 
through  activation  of  caspase-8  followed  by  activation  of  the 
mitochondrial  apoptotic  pathway  involving  cleavage  of  caspase-9 
and  caspase-3. 

Moreover,  we  also  found  that  SHetA2  up-regulated  DR5 
expression,  including  cell  surface  DR5  levels  without  increasing 
the  expression  of  DR4,  DcRl,  and  DcR2,  as  well  as  their  ligand 
TRAIL  (Fig.  3),  suggesting  that  DR5  up-regulation  may  be 
important  for  SHetA2-induced  caspase-8  activation  and  apoptosis. 
When  combined  with  recombinant  TRAIL,  SHetA2  exerted 
augmented  effects  on  induction  of  apoptosis  (Fig.  4),  suggesting 
that  SHetA2-induced  DR5  is  functional.  Moreover,  siRNA-mediated 
blockade  of  DR5  induction  attenuated  the  ability  of  SHetA2  to 
activate  caspases,  including  caspase-8,  to  decrease  cell  survival, 
to  induce  apoptosis,  and  to  augment  induction  of  apoptosis 
when  combined  with  TRAIL  (Fig.  5).  These  results  provide  robust 
evidence  for  a  critical  role  of  DR5  up-regulation  in  mediating 
SHetA2-induced,  caspase-8-dependent  apoptosis,  as  well  as 
cooperative  induction  of  apoptosis  by  the  SHetA2  and  TRAIL 
combination.  These  findings  indicate  that  SHetA2  is  distinct  from 
4HPR,  which  induces  caspase-8-dependent  apoptosis  independent 
of  DRs  (41).  We  noted  that  SHetA2  actually  decreased  the  levels  of 
DR4  and  TRAIL  in  some  cell  lines.  The  underlying  mechanism  and 
their  biological  significance  are  currently  unknown  and  need 
further  investigation. 

DR5  expression  can  be  regulated  through  p53-dependent  and 
p53-independent  mechanisms  (26,  42).  In  our  study,  SHetA2 
induced  DR5  expression  in  all  of  the  tested  human  NSCLC  cell 
lines  (Fig.  3),  among  which  only  H460  and  A549  have  wild-type  p53 
gene  (22,  25).  Thus,  it  is  likely  that  SHetA2  induces  DR5  expression 
independent  of  p53.  Recently,  CHOP  has  been  shown  to  regulate 
DR5  expression  through  the  CHOP  binding  site  in  the  DR5  gene 
(30,  31),  revealing  an  important  DR5  regulation  mechanism.  In  our 
study,  SHetA2  increased  DR5  promoter  activity,  suggesting  that 
DR5  induction  occurs  at  the  transcriptional  level.  The  deletion  and 
mutation  analysis  of  the  DR5  S'-flanking  region  revealed  that  the 
region  containing  the  CHOP  binding  site  is  essential  for  SHetA2- 
mediated  DR5  transactivation  (Fig.  6).  Moreover,  SHetA2  induced 
a  time-dependent  CHOP  expression,  which  was  accompanied  by 
the  up-regulation  of  DR5  expression.  Blockage  of  SHetA2-mediated 
CHOP  induction  by  the  CHOP  siRNA  accordingly  inhibited  DR5 
up-regulation  (Fig.  6).  Collectively,  we  conclude  that  SHetA2 
induces  DR5  expression  through  a  CHOP-dependent  mechanism. 
It  has  been  suggested  that  p53  regulates  CHOP  expression  (43). 
In  our  study,  SHetA2  increased  CHOP  expression  in  both  p53 
wild-type  cells  (e.g.,  A549)  and  p53  mutant  cells  (e.g.,  H157)  in  a 
similar  fashion  to  DR5  up-regulation.  Thus,  it  seems  that  SHetA2 
induces  CHOP  independent  of  p53. 

It  is  well  known  that  CHOP  is  a  featured  ER  stress-regulated 
protein  involved  in  ER  stress-induced  apoptosis  (38).  Thus,  our 
finding  on  CHOP  induction  by  SHetA2  suggests  that  SHetA2 
triggers  ER  stress.  Indeed,  SHetA2  increased  the  levels  of  Bip, 
IREla,  p-eIF2a,  ATF4,  and  XBP1  (Fig.  6),  all  of  which  are  additional 
featured  proteins  accumulated  or  increased  during  ER  stress 
(39,  40).  Therefore,  it  seems  that  SHetA2  induces  ER  stress  in 
NSCLC  cells.  Several  studies  have  shown  that  4HPR  induces  CHOP 
expression  and  ER  stress,  which  are  important  for  4HPR-induced 
apoptosis  (44-47).  A  recent  study  actually  showed  that  4HPR 
induces  CHOP-dependent  DR5  expression  (17).  In  this  regard,  it 
seems  that  SHetA2  and  4HPR  share  similarities.  Our  preliminary 
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data  show  that  cyclohexamide,  an  inhibitor  of  general  protein 
synthesis  that  can  decrease  the  overall  protein  burden,  but  not 
salubrinal,  an  inhibitor  of  eIF2a  dephosphorylation  that  can 
protect  cell  from  ER  stress-induced  apoptosis  through  temporary 
slow  down  of  the  global  protein  translation  (48),  abolished  SHetA2- 
induced  CHOP  expression  (see  Supplementary  Fig.  S2).  These 
results  suggest  that  blockage  of  eIF2a-mediated  protein  translation 
is  not  sufficient  to  prevent  CHOP  induction  by  SHetA2,  although 
eIF2a-signaling  pathway  is  critical  for  CHOP  induction  in  ER  stress 
(38).  Nevertheless,  the  relationship  between  ER  stress  and  CHOP 
induction,  as  well  as  apoptosis  by  SHetA2,  needs  further 
investigation. 

In  practice,  our  findings  that  SHetA2  increases  DR5  expression 
and  enhances  TRAIL-induced  apoptosis  have  meaningful  implica¬ 
tions.  Given  the  therapeutic  potential  of  TRAIL  and  agonistic  DR5 
antibodies,  both  of  which  are  being  tested  in  phase  I  clinical  trials, 
SHetA2  can  be  used  in  combination  with  TRAIL  or  an  agonistic 
anti-DR5  antibody  to  achieve  an  enhanced  cancer  therapeutic 
effect  through  augmenting  induction  of  apoptosis  of  human  cancer 
cells. 

In  summary,  our  study  has  shown  that  the  novel  synthetic 
atypical  retinoid  compound  SHetA2  effectively  inhibits  the  growth 
of  human  NSCLC  cells  both  in  vitro  and  in  vivo.  For  the  first  time, 


we  have  shown  that  SHetA2  triggers  ER  stress  and  induces  CHOP- 
dependent  DR5  expression,  leading  to  caspase-8-dependent 
apoptosis.  Given  that  SHetA2  also  activates  the  intrinsic  apoptotic 
pathways,  as  shown  in  other  studies,  we  suggest  that  the  intrinsic 
and  extrinsic  pathways  may  be  simultaneously  activated  by  an 
initiating  stress  induced  by  the  drug  or  by  cross-talk  between  the 
extrinsic  and  intrinsic  apoptosis  pathways  (Fig.  6 D). 
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Abstract 

The  flexible  heteroarotinoid,  SHetA2,  is  a  novel  compound 
with  apoptosis-inducing  and  anticancer  activities  in  vitro 
and  in  vivo.  Our  previous  research  showed  that  up- 
regulation  of  death  receptor  5  plays  a  critical  role  in  the 
mechanism  of  SHetA2-induced  apoptosis  in  human  lung 
cancer  cells.  The  hypothesis  of  this  study  was  that  the 
mechanism  of  SHetA2-induced  apoptosis  requires  modu¬ 
lation  of  additional  proteins  critical  for  regulation  of  apop¬ 
tosis,  including  cellular  FLICE-inhibitory  protein  (c-FLIP), 
survivin,  X-linked  inhibitor  of  apoptosis,  Bcl-2,  Bcl-XL, 
Bax,  and  Bim.  Western  blot  analysis  showed  that  c-FLIP 
and  survivin  were  substantially  reduced  in  all  of  the  tested 
cell  lines  exposed  to  SHetA2  compared  with  other  proteins 
that  were  reduced  only  in  a  subset  of  the  cell  lines  tested. 
Strikingly,  overexpression  of  c-FLIP,  but  not  survivin, 
protected  cells  from  SHetA2-induced  apoptosis  and 
enhancement  of  TRAIL-initiated  apoptosis,  although 
knockdown  of  endogenous  survivin  did  slightly  sensitize 
cells  to  SHetA2-induced  apoptosis.  Consistent  with  these 
results,  small  interfering  RNA-mediated  reduction  of  c-FLIP 


Received  5/5/08;  revised  7/11/08;  accepted  8/28/08. 

Grant  support:  Georgia  Cancer  Coalition  Distinguished  Cancer  Scholar 
award  (S-Y.  Sun)  and  Department  of  Defense  VITAL  award 
W81 XWH-04-1  -01 42  (S-Y.  Sun  and  F.R.  Khuri  for  Project  4). 

The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the 
payment  of  page  charges.  This  article  must  therefore  be  hereby  marked 
advertisement  in  accordance  with  18  U.S.C.  Section  1734  solely  to 
indicate  this  fact. 

Note:  Y.  Lin  and  X.  Liu  share  first  authorship.  F.R.  Khuri  and  S-Y. 

Sun  are  Georgia  Cancer  Coalition  Distinguished  Cancer  Scholars. 

Requests  for  reprints:  Shi-Yong  Sun,  Department  of  Hematology  and 
Medical  Oncology,  Winship  Cancer  Institute,  Emory  University  School  of 
Medicine,  1365-C  Clifton  Road  Northeast,  C3088,  Atlanta,  GA  30322. 
Phone:  404-778-2170;  Fax:  404-778-5520.  E-mail:  ssun@emory.edu 

Copyright  ©  2008  American  Association  for  Cancer  Research. 
doi:1 0.1 158/1  535-71  63.  MCT-08-0648 


was  more  effective  than  survivin  down-regulation  in 
triggering  apoptosis  in  these  cell  lines.  SHetA2  increased 
ubiquitination  of  c-FLIP  and  the  consequent  degradation 
was  abrogated  by  the  proteasome  inhibitor  MG132. 
Although  SHetA2  treatment  led  to  increased  c-Jun 
phosphorylation,  the  JNK  inhibitor  SP600125  did  not 
prevent  c-FLIP  down-regulation  by  SHetA2.  Thus,  it 
appears  that  SHetA2  down-regulates  c-FLIP  levels  by 
facilitating  its  ubiquitin/proteasome-mediated  degradation 
independent  of  JNK  activation.  Collectively,  the  present 
study  indicates  that,  in  addition  to  death  receptor  5  up- 
regulation,  c-FLIP  down-regulation  is  another  important 
component  of  flexible  heteroarotinoid  (SHetA2)-induced 
apoptosis  as  well  as  enhancement  of  TRAIL-induced 
apoptosis.  [Mol  Cancer  Ther  2008;7(1 1  ):3556 -65] 

Introduction 

Apoptosis  is  a  genetically  well-controlled  mechanism 
essential  for  the  maintenance  of  tissue  homeostasis  and 
proper  development  through  the  elimination  of  unwanted 
cells.  Thus,  it  represents  a  universal  and  exquisitely 
efficient  endogenous  or  induced  cellular  suicide  pathway 
(1,  2).  It  is  well  known  that  cells  can  die  of  apoptosis 
primarily  through  the  extrinsic  death  receptor-induced 
pathway  and/or  the  intrinsic  mitochondria-mediated  path¬ 
way.  Cross-talk  between  these  two  pathways  is  mediated 
by  the  truncated  proapoptotic  protein  Bid  (2).  A  central 
step  in  the  execution  of  apoptosis  is  the  activation  of  an 
unusual  class  of  cysteine  proteases,  termed  caspases,  which 
are  widely  expressed  as  inactive  forms  (2).  Thus,  this  step  is 
negatively  regulated  by  multiple  antiapoptotic  proteins  to 
prevent  unnecessary  activation  of  these  caspases. 

Caspase-8  activation  is  a  critical  step  in  initiating  the  ex¬ 
trinsic  apoptotic  pathway  (3).  Cellular  FLICE-inhibitory  pro¬ 
tein  (c-FLIP)  is  the  major  protein  that  prevents  caspase-8 
from  activation  by  death  receptors  through  binding  to  Fas- 
associated  death  domain  and  caspase-8  at  the  death- 
inducing  signaling  complex  (4).  Although  multiple  splicing 
isoforms  of  c-FLIP  mRNA  have  been  described,  only  two  of 
them,  FLIPS  and  FLIPl,  have  been  significantly  studied  at 
the  protein  level  (5).  Both  proteins  can  be  recruited  to  the 
death-inducing  signaling  complex  and  inhibit  death  recep¬ 
tor-mediated  apoptosis  (6).  Both  FLIPl  and  FLIPS  are  quick 
turnover  proteins;  thus,  their  levels  are  subject  to  regulation 
by  ubiquitin/proteasome-mediated  degradation  (7-9). 
Generally  speaking,  c-FLIP  expression  correlates  with 
resistance  against  death  receptor-induced  apoptosis.  Accor¬ 
dingly,  down-regulation  of  c-FLIP  confers  sensitivity  to 
death  receptor-induced  apoptosis  (5).  Additionally,  c-FLIP 
expression  is  associated  with  chemoresistance.  Thus, 
down-regulation  of  c-FLIP  using  antisense  oligonucleotides 
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or  small  interfering  RNA  (siRNA)  sensitizes  cancer  cells  to 
chemotherapeutic  agent-induced  apoptosis  (10, 11),  where¬ 
as  overexpression  of  c-FLIP  protects  cells  from  apoptosis 
induced  by  certain  cancer  therapeutic  agents  such  as 
etoposide  and  cisplatin  (10-17). 

Caspase-9  activation  is  an  essential  step  in  the  intrinsic 
apoptotic  pathway  (3).  Survivin  is  a  protein  belonging  to 
the  inhibitor  of  apoptosis  (IAP)  gene  family.  Like  other 
IAPs,  survivin  acts  downstream  of  mitochondria  to  prevent 
processing  or  activation  of  initiator  caspase-9  in  the 
apoptosome,  leading  to  inhibition  of  the  activity  of  the 
effector  caspases.  Thus,  survivin  modulates  both  extrinsic 
and  intrinsic  apoptotic  pathways  (18).  Genetic  studies  have 
shown  that  survivin  transgenic  mice  exhibit  apoptotic 
resistance  (19),  whereas  survivin  knockout  mice  show 
increased  sensitivity  to  apoptosis  (20).  Moreover,  many 
studies  have  shown  that  induction  of  survivin  expression 
causes  cell  resistance  to  drug-induced  apoptosis  (21), 
whereas  down-regulation  of  survivin  using  various  means 
such  as  siRNA  either  induces  apoptosis  or  sensitizes  cells  to 
undergo  drug-induced  or  death  ligand /receptor-induced 
apoptosis  (22-25). 

Although  heteroarotinoids  were  initially  developed  as 
retinoids,  the  flexible  heteroarotinoids  act  independently  of 
the  retinoic  acid  receptors  to  regulate  growth,  differentia¬ 
tion,  and  apoptosis  (26-29).  Moreover,  SHetA2  induces 
apoptosis  in  cancer  cells  while  sparing  normal  cells  (30,  31). 
Importantly,  SHetA2  effectively  inhibits  tumor  growth 
in  vivo  without  evidence  of  toxicity  (26).  Because  of  these 
encouraging  results,  SHetA2  was  chosen  for  evaluation  in 


the  National  Cancer  Institute  Rapid  Access  to  Intervention 
Development  program  (application  196,  compound  NSC 
726189)  and  now  is  in  the  Rapid  Access  to  Preventive 
Intervention  Development  program,  showing  a  potential  as 
a  cancer  chemopreventive  and  therapeutic  agent. 

The  mechanism  of  SHetA2-induced  apoptosis  has  been 
shown  to  occur  through  the  intrinsic  mitochondrial  path¬ 
way  associated  with  loss  of  mitochondrial  membrane 
integrity,  generation  of  reactive  oxygen  species,  release  of 
cytochrome  c  from  the  mitochondria,  and  activation  of 
caspase-3  in  head  and  neck  cancer  cell  lines  (31).  Likewise, 
SHetA2  induces  apoptosis  in  human  ovarian  cancer  cells 
through  targeting  the  mitochondria,  which  is  associated 
with  alterations  in  the  balance  of  Bcl-2  proteins,  indepen¬ 
dent  of  generation  of  reactive  oxygen  species  (30).  It  appears 
that  the  mechanisms  of  SHetA2  may  vary  in  different  types 
of  cancer  cells.  We  have  shown  recently  that  SHetA2 
effectively  inhibits  the  growth  and  induces  apoptosis  of 
human  non-small  cell  lung  cancer  (NSCLC;  ref.  32). 
Moreover,  SHetA2  cooperates  with  the  death  ligand  tumor 
necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL) 
to  augment  induction  of  apoptosis  (32).  These  effects  are 
tightly  associated  with  death  receptor  5  (DR5)  up-regulation 
(32),  implying  the  importance  of  activation  of  the  extrinsic 
apoptotic  pathway  in  SHetA2-induced  apoptosis.  The 
present  study  further  determined  whether  SHetA2  modu¬ 
lates  levels  or  expression  of  other  proteins  critical  for 
regulation  of  apoptosis,  including  regulation  of  both 
intrinsic  and  extrinsic  apoptotic  pathways.  In  this  study, 
we  found  that,  of  the  critical  apoptosis-regulating  proteins. 
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Figure  1 .  Modulatory  effects  of  SHetA2  on  c-FLIP,  survivin,  XIAP,  Bcl-2,  Bcl-XL,  Bim,  and  Bax  in  human  NSCLC  cell  lines.  The  indicated  cell  lines  were 
treated  with  the  indicated  concentrations  of  SHetA2  for  1 6  h  (A)  or  with  5  |_imol/L  SHetA2  for  the  given  time  as  indicated  (B).  The  cells  were  then  subjected 
to  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis. 
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Figure  2.  Enforced  expression  of  ectopic 
c-FLIP  protects  cells  from  SHetA2-induced 
cell  number  decrease  (A  and  B)  and  apop¬ 
tosis  (C  and  D).  A  and  B,  indicated  trans- 
fectants  were  seeded  in  96-well  plates  and 
treated  with  the  indicated  concentrations  of 
SHetA2  ranging  from  2.5  to  10  |_imol/L. 
After  48  h,  the  cells  were  subjected  to  the 
sulforhodamine  B  assay  for  measurement  of 
cell  number.  Mean  of  four  replicate  determi¬ 
nations.  Bars,  SD.  C  and  D,  indicated 
transfectants  were  treated  with  10  |amol/L 
SHetA2  for  48  h  and  then  harvested  for 
detection  of  apoptotic  cells  using  Annexin  V 
staining.  The  percent  positive  cells  in  the 
top  right  and  bottom  right  quadrants  were 
added  to  yield  the  total  of  apoptotic  cells. 


c-FLIP  was  down-regulated  consistently  in  all  of  the  tested 
cell  lines  exposed  to  SHetA2  and  contributed  to  SHetA2- 
induced  apoptosis  and  enhancement  of  TRAIL-induced 
apoptosis.  These  results  complement  our  previous  findings 
to  further  support  the  importance  of  the  activation  of  the 
extrinsic  apoptotic  pathway  in  SHetA2-induced  apoptosis. 

Materials  and  Methods 

Reagents 

SHetA2  was  synthesized  as  described  previously  (27)  and 
dissolved  in  DMSO  at  a  concentration  of  10  mmol/L,  and 
aliquots  were  stored  at  —  80  °C.  Stock  solution  was  diluted 
to  the  appropriate  concentrations  with  growth  medium 
immediately  before  use.  Human  recombinant  TRAIL  was 
purchased  from  PeproTech.  The  specific  JNK  inhibitor 
SP600125  was  purchased  from  Biomol.  The  proteasome 
inhibitor  MG  132  was  purchased  from  Sigma.  Mouse  mono¬ 
clonal  anti-FLIP  antibody  (NF6)  was  purchased  from  Alexis 
Biochemicals.  Rabbit  polyclonal  anti-X-linked  IAP  (XIAP), 
anti-Bim,  anti-c-Jun,  and  anti-phospho-c-Jun  (Ser63)  anti¬ 
bodies  and  mouse  monoclonal  anti-survivin  antibody  were 
purchased  from  Cell  Signaling  Technology.  Mouse  anti-Bax 


monoclonal  antibody  was  purchased  from  Trevigen.  Mouse 
anti-Bcl-2  and  rabbit  anti-Bcl-XL  antibodies  were  purchased 
from  Santa  Cruz  Biotechnology.  Rabbit  polyclonal  anti-|3>- 
actin  antibody  was  purchased  from  Sigma. 

Cell  Lines  and  Cell  Culture 

The  human  NSCLC  cell  lines  used  in  this  study  were 
described  previously  (33).  A549-Lac  Z-9,  A549-FLIPl-2, 
H460-Lac  Z-9,  and  H460-FLIPl-15  were  described  pre¬ 
viously  (15,  16).  These  cell  lines  were  grown  in  monolayer 
culture  in  RPMI  1640  supplemented  with  glutamine  and 
5%  fetal  bovine  serum  at  37°  C  in  a  humidified  atmosphere 
consisting  of  5%  C02  and  95%  air. 

Construction  of  Lentiviral  Survivin  Expression  Vector 
and  Establishment  of  Lung  Cancer  Cell  LinesThat  Over¬ 
express  Survivin 

Survivin  cDNA  was  amplified  by  standard  reverse 
transcription-PCR  from  RNA  extracted  from  normal 
human  bronchial  epithelial  cells  using  the  following 
primers:  sense  5'-CACTAGTGCCGCCACCATGGGTG- 
CCCCGACGTTGCCCCCTG-3'  and  antisense  5'-CGGG- 
CCCTCAATCCATGGCAGCCAGCTGCTCG-3'.  Following 
the  amplification,  the  survivin  cDNA  was  cloned  into  a 
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pT-easy  vector  (Promega)  following  the  manufacturer's 
protocol  as  pT-easy-survivin.  The  pT-easy-survivin  was 
then  cut  and  cloned  into  a  lentiviral  vector  using  two 
restriction  enzyme  sites  Spe I  and  Apa  I  as  described 
previously  (34).  The  newly  generated  plasmid  was  named 
lenti-survivin.  In  this  study,  we  used  pLenti-Lac  Z  as  a 
vector  control,  which  was  included  in  the  pLenti6/V5 
Directional  TOPO  Cloning  kit  (Invitrogen).  Lentiviruses 
were  produced  using  ViraPower  Lentiviral  Expression 
System  (Invitrogen)  according  to  the  manufacturer's 
instructions.  The  viral  titers  were  determined  following 
the  manufacturer's  manual.  For  infection,  the  viruses  were 
added  to  the  cells  at  the  multiplicity  of  infection  of  10.  For 
stable  expression,  cells  were  infected  and  then  selected  in 
the  presence  of  50  pg/mL  blasticidin  for  1  week.  The 
individual  clones  and  pool  were  expanded  and  screened 
for  survivin  expression  using  Western  blot  analysis. 

Cell  Growth  Assay 

Cells  were  cultured  in  96-well  cell  culture  plates  and 
treated  the  next  day  with  the  agents  indicated.  Viable  cell 
number  was  estimated  using  the  sulforhodamine  B  assay  as 
described  previously  (33). 

Apoptosis  Assays 

Apoptosis  was  detected  either  by  analysis  of  caspase 
activation  using  Western  blot  analysis  as  described  below 
or  by  Annexin  V  staining  using  Annexin  V-PE  apoptosis 


detection  kit  (BD  Bioscience)  following  the  manufacturer's 
instructions  and  analyzed  by  flow  cytometry  using 
FACScan  (Becton  Dickinson).  In  the  Annexin  V  assay,  the 
percent  positive  cells  for  Annexin  V-PE  staining  only  in  the 
bottom  right  quadrant  and  for  both  Annexin  V  and  DNA 
(7-amino-actinomycin  D)  staining  in  the  top  right  quadrant 
represent  the  early  and  late  apoptotic  populations,  respec¬ 
tively.  The  percent  positive  cells  for  DNA  staining  only  in 
the  top  left  quadrant  represent  the  necrotic  population. 

Western  Blot  Analysis 

Preparation  of  whole-cell  protein  lysates  and  Western 
blot  analysis  were  described  previously  (35). 

Silencing  of  c-FLIP  and  Survivin 

c-FLIP  and  survivin  gene  silencing  was  achieved  by 
transfecting  the  given  cell  lines  with  siRNA  oligonucleo¬ 
tides  using  the  HiperFect  transfection  reagent  (Qiagen) 
following  the  manufacturer's  instructions.  The  control 
(nonsilencing),  c-FLIP,  and  survivin  siRNA  oligonucleotide 
duplexes  that  target  the  sequences  5'-AATTCTCCGAAC- 
GTGTCACGT-3',  5'-AAGCAGTCTGTTCAAGGAGCA-3' 
(12),  and  5'-AAGCATTCGTCCGGTTGCGCT-3'  (36),  res¬ 
pectively,  were  synthesized  by  Qiagen.  The  transfection 
was  conducted  in  6-well  plates.  Forty-eight  hours  after  the 
transfection,  the  cells  were  harvested  and  subjected  to 
Annexin  V  staining /flow  cytometric  analysis.  The  knock¬ 
down  efficiency  was  evaluated  by  Western  blotting. 
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Figure  3.  Enforced  expression  of  ectopic  c-FLIP  confers  resistance  to  induction  of  apoptosis  by  the  combination  of  SHetA2  and  TRAIL.  A  and  B, 
indicated  transfectants  were  seeded  in  96-well  plates  and  treated  with  the  indicated  concentrations  of  SHetA2  combined  with  10  ng/mL  TRAIL  (H460)  or 
20  ng/mL  TRAIL  (A549).  After  24  h,  cells  were  subjected  to  the  sulforhodamine  B  assay  for  measurement  of  cell  survival.  Mean  of  four  replicate 
determinations.  Bars ,  SD.  C  and  D,  indicated  transfectants  were  treated  with  DMSO,  5  |amol/L  SHetA2  alone,  1 0  ng/mL  (H460)  or  20  ng/mL  (A549)  TRAIL 
alone,  or  SHetA2  plus  TRAIL  for  24  h  and  then  subjected  to  detection  of  apoptotic  cells  using  Annexin  V  staining.  The  percent  positive  cells  in  the  top  right 
and  bottom  right  quadrants  were  added  to  yield  the  total  of  apoptotic  cells. 
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Figure  4.  Enforced  expression  of  ectopic  survivin  (A)  does  not  confer  resistance  to  ShetA2  (B  and  C)  or  the  combination  of  SHetA2  and  TRAIL  (D).  A, 
confirmation  of  ectopic  survivin  expression  in  HI  57  survivin  transfectants  by  Western  blotting  using  survivin  antibody.  P,  pool.  B  and  D,  indicated 
transfectants  from  HI  57  cells  were  seeded  in  96-well  plates  and  treated  with  the  given  concentrations  of  SHetA2  (B)  or  the  individual  combination  of 
SHetA2  and  TRAIL  as  indicated  (D)  the  next  day.  After  48  h  (B)  or  24  h  (D),  the  cells  were  subjected  to  the  sulforhodamine  B  assay  for  measurement  of  cell 
survival.  Mean  of  four  replicate  determinations.  Bars,  SD.  C,  indicated  transfectants  were  treated  with  10  |dmol/L  SHetA2  for  48  h  and  then  subjected  to 
preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis  for  detection  of  cleaved  poly(ADP-ribose)  polymerase  (cPARP).  N.S., 
nonspecific. 


Immunoprecipitation  for  Detection  of  Ubiquitinated 
c-FLIP 

A549-FLIPl-2  cells,  which  stably  express  FLIPl,  were 
transfected  with  HA-ubiquitin  plasmid  using  the  FuGENE 
6  transfection  reagent  (Roche  Diagnostics)  following  the 
manufacturer's  instruction.  After  24  h,  the  cells  were 
treated  with  SHetA2  or  MG  132  plus  SHetA2  for  4  h  and 
then  were  lysed  for  immunoprecipitation  of  Flag-FLIPL 
using  Flag  M2  monoclonal  antibody  (Sigma),  as  described 
previously  (37),  followed  by  the  detection  of  ubiquitinated 
FLIPl  with  Western  blotting  using  anti-HA  antibody 
(Abgent). 

Results 

SHetA2  Modulates  the  Levels  of  c-FLIP,  Survivin,  and 
Other  Apoptosis-Related  Proteins  in  Human  NSCLC 
Cells 

To  better  understand  the  mechanisms  by  which  SHetA2 
induces  apoptosis,  we  examined  the  effects  of  SHetA2  on 


modulation  of  several  important  proteins  involved  in 
regulation  of  both  extrinsic  and  intrinsic  apoptotic  path¬ 
ways  in  a  panel  of  human  NSCLC  cell  lines.  As  presented 
in  Fig.  1A,  SHetA2  at  5  or  10  pmol/L  effectively  reduced 
the  levels  of  c-FLIP  (both  FLIPl  and  FLIPS)  and  survivin  in 
all  of  the  6  tested  cell  lines.  Compared  with  other  cell  lines, 
H1299  cells  exhibited  the  least  decrease  in  survivin  levels 
on  treatment  with  SHetA2.  We  also  noted  that  the  basal 
levels  of  FLIPS  in  H460,  H157,  and  H1299  cells  and  the  basal 
levels  of  survivin  in  H460  cells  were  very  low  or 
undetectable.  The  down-regulation  of  both  c-FLIP  and 
survivin  occurred  rapidly  within  2  h  and  was  sustained  up 
to  24  h  post-SHetA2  treatment  (Fig.  IB). 

SHetA2  also  reduced  the  levels  of  XIAP,  Bcl-2,  and  Bcl- 
XL;  however,  these  modulations  occurred  only  in  some  of 
the  tested  cell  lines  (Fig.  1A).  For  example,  SHetA2 
decreased  the  levels  of  XIAP  and  Bcl-XL  in  H157,  A549, 
and  Calu-1  cell  lines  but  not  in  H460  and  H1792  cell  lines. 
Bcl-2  levels  were  reduced  in  4  of  the  5  tested  cell  lines  that 
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express  detectable  Bcl-2,  except  for  H460  cells  on  treatment 
with  SHetA2.  SHetA2  did  not  modulate  the  levels  of  Bim 
in  all  of  the  tested  cell  lines.  Bax  levels  were  either  not 
altered  (e.g.,  H460  and  A549)  or  even  decreased  (e.g.,  H157 
and  Calu-1)  particularly  by  the  high  dose  of  SHetA2  (e.g., 
10  pmol/L;  Fig.  1A). 

Collectively,  it  appears  that  down-regulation  of  c-FLIP 
and  survivin  is  likely  to  be  the  common  and  important 
mechanism  contributing  to  SHetA2-induced  apoptosis. 
Therefore,  the  subsequent  experiments  focused  on  showing 
the  importance  of  c-FLIP  and  survivin  down-regulation  in 


SHetA2-induced  apoptosis  as  well  as  enhancement  of 
TRAIL-induced  apoptosis. 

Enforced  Expression  of  Ectopic  c-FLIP  Protects 
NSCLC  Cells  from  Induction  of  Apoptosis  by  SHetA2 
Alone  or  When  Combined  withTRAIL 

To  test  the  importance  of  c-FLIP  in  SHetA2-induced 
apoptosis,  the  effect  of  c-FLIP  overexpression  on  induction 
of  apoptosis  by  SHetA2  alone  or  combined  with  TRAIL  was 
examined.  As  presented  in  Fig.  2,  in  both  A549  and  H460 
cells,  SHetA2  effectively  decreased  the  numbers  of  control 
cells  that  expressed  the  control  protein  Lac  Z  (A549-Lac  Z-9 
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Figure  5.  Effects  of  siRNA-mediated  reduction  of  endogenous  survivin  on  SHetA2-induced  apoptosis  (A  and  B)  and  comparison  of  the  potencies  of 
siRNA-mediated  down-regulation  of  c-FLIP  and  survivin  on  triggering  apoptosis  (C).  A549  (A)  or  HI  299  (B)  cells  were  seeded  in  6-well  plates  and  the  next 
day  transfected  with  60  nmol/L  control  (Ctrl)  and  survivin  siRNAs,  respectively.  Twenty-four  hours  later,  the  cells  were  treated  with  10  |_imol/L  SHetA2. 
After  an  additional  48  h,  the  cells  were  harvested  for  evaluation  of  survivin  knockdown  efficiency  by  Western  blotting  (top)  and  apoptosis  using  Annexin  V 
staining/flow  cytometry  (bottom),  respectively.  C,  A549  cells  were  seeded  in  6-well  plates  and  the  next  day  subjected  to  transfection  with  60  nmol/L 
control,  c-FLIP,  and  survivin  siRNAs,  respectively.  After  48  h,  the  cells  were  harvested  for  evaluation  of  c-FLIP  or  survivin  knockdown  efficiency  by 
Western  blot  analysis  (left)  and  for  detection  of  apoptotic  cells  using  Annexin  V  staining/flow  cytometry  (right).  In  addition,  the  morphologic  changes  of 
the  transfected  cells  were  also  documented  (right). 
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Figure  6.  SHetA2  down-regulates  c-FLIP  levels  through  ubiquitin/proteasome-mediated  protein  degradation  (A  and  B)  independent  of  JNK  (C  and  D).  A, 
given  cell  lines  were  pretreated  with  1 0  or  20  i-imol/L  MG  1  32  for  30  min  before  the  addition  of  1 0  |dmol/L  SHetA2.  After  cotreatment  for  4  h,  the  cells  were 
harvested  for  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis.  B,  A549-FLIPl-2  cells  that  stably  express  ectopic  f lag-FLI PL 
were  transfected  with  HA-ubiquitin  plasmid  using  FuGENE  6  transfection  reagent  for  24  h.  The  cells  were  then  pretreated  with  20  |_imol/L  MG  132  for 
30  min  and  then  cotreated  with  10  |dmol/L  SHetA2  for  4  h.  Whole-cell  protein  lysates  were  then  prepared  for  immunoprecipitation  using  anti-Flag  antibody 
followed  by  Western  blotting  ( WB)  using  anti-HA  antibody  for  detection  of  ubiquitinated  FLIPl  ( Ub-FLIPL)  and  anti-Flag  antibody  for  detection  of  ectopic  FLIPl. 
FLIPl.  C,  indicated  cell  lines  were  treated  with  1 0  |_imol/L  SHetA2  for  the  given  times.  D,  A549  cells  were  pretreated  with  20  |imol/L  SP6001  25  for  30  min 
and  then  cotreated  with  1 0  ^imol/L  SHetA2  for  another  1  2  h.  After  the  aforementioned  treatments  (C  and  D),  the  cells  were  then  subjected  to  preparation 
of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis  for  detection  of  the  indicated  proteins. 


and  H460-Lac  Z-9);  however,  this  effect  was  substantially 
diminished  in  cell  lines  that  overexpressed  ectopic  FLIPl 
(A549-FLIPl-2  and  H460-FLIPl-15;  Fig.  2A  and  B).  Consis¬ 
tently,  SHetA2  caused  -42%  and  46%  apoptotic  cells  in 
A549-Lac  Z-9  and  H460-Lac  Z-9  cells,  respectively,  but  only 
19%  and  27%  apoptosis  in  A549-FLIPl-2  and  H460-FLIPl- 
15  cells,  respectively  (Fig.  2C  and  D),  indicating  that 
enforced  overexpression  of  c-FLIP  confers  cell  resistance 
to  SHetA2-induced  apoptosis.  Taken  together,  we  conclude 
that  c-FLIP  overexpression  partially  protects  NSCLC  cells 
from  SHetA2-induced  apoptosis. 

Moreover,  we  examined  the  effects  of  c-FLIP  over¬ 
expression  on  SHetA2/TRAIL-induced  apoptosis.  As 
shown  in  Fig.  3 A  and  B,  SHetA2/ TRAIL  had  much  less 
effects  on  decreasing  the  numbers  of  A549-FLIPl-2  and 
H460-FLIPl-15  cells  than  those  of  A549-Lac  Z-9  and  H460- 
Lac  Z-9  cells,  indicating  that  the  cell-killing  effects  of  the 
SHetA2  and  TRAIL  combination  were  substantially 
inhibited  in  NSCLC  cells  that  overexpress  c-FLIP.  In 
agreement,  we  detected  ~  62%  and  48%  apoptosis,  respec¬ 
tively,  in  H460-Lac  Z-9  and  A549-Lac  Z-9  cells  but  only  27% 
and  24%  apoptosis,  respectively,  in  H460-FLIPl-15  and 
A549-FLIPl-2  cells  (Fig.  3C  and  D),  showing  that  enforced 
expression  of  ectopic  c-FLIP  partially  protected  NSCLC 
cells  from  cooperative  induction  of  apoptosis  by  the 


SHetA2  and  TRAIL  combination.  Thus,  c-FLIP  overexpres¬ 
sion  decreases  the  sensitivity  of  NSCLC  cells  to  SHetA2/ 
TRAIL-induced  apoptosis  as  well. 

Enforced  Overexpression  of  Ectopic  Survivin  Does 
Not  Protect  NSCLC  Cells  from  SHetA2-  or  SHetA2/ 
TRAIL-induced  Apoptosis 

Given  that  SHetA2  also  effectively  reduced  the  levels  of 
survivin  in  human  NSCLC  cells,  we  further  determined 
whether  survivin  reduction  plays  a  role  in  regulation  of 
SHetA2-induced  apoptosis  or  SHetA2-mediated  enhance¬ 
ment  of  TRAIL-induced  apoptosis.  To  this  end,  we  infected 
H157  cells,  which  have  a  high  lentiviral  infection  efficiency, 
with  lentiviral  Lac  Z  (as  a  control)  or  survivin  and 
established  several  sublines  that  stably  express  Lac  Z  or 
survivin  as  presented  in  Fig.  4A.  After  obtaining  these  cell 
lines,  we  then  examined  their  sensitivity  to  SHetA2  or 
SHetA2/TRAIL.  Unexpectedly,  we  found  that  the  H157- 
survivin  sublines,  despite  having  high  levels  of  survivin, 
were  not  different  in  their  sensitivity  to  either  SHetA2  or 
SHetA2/ TRAIL  compared  with  the  Lac  Z  sublines  albeit 
their  sublines  exhibited  various  sensitivity  (Fig.  4B  and  D). 
Overall,  it  appears  that  survivin  overexpression  does  not 
alter  cell  sensitivity  to  either  SHetA2  or  SHetA2/ TRAIL. 
Moreover,  we  looked  at  poly(ADP-ribose)  polymerase 
cleavage  in  these  cell  lines  exposed  to  SHetA2  and  found 
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that  induction  of  poly(ADP-ribose)  polymerase  cleavage  by 
SHetA2  between  Lac  Z  and  survivin  sublines  were  overall 
comparable  (Fig.  4C).  These  results  further  indicate  that 
overexpression  of  survivin  does  not  alter  cell  sensitivity  to 
SHetA2-induced  apoptosis. 

Silencing  of  Endogenous  Survivin  Expression  Slightly 
Enhances  SHetA2-lnduced  Apoptosis 

We  also  determined  whether  enforced  reduction  of 
endogenous  survivin  expression  with  transfection  of 
survivin  siRNA  alters  cell  sensitivity  to  SHetA2.  As 
presented  in  Fig.  5A  and  B,  transfection  of  survivin  siRNA 
in  either  A549  or  H1299  cells  substantially  reduced  basal 
levels  of  survivin.  In  A549  cells,  SHetA2-induced  apoptosis 
was  increased  from  20%  in  control  siRNA-transfected  cells 
to  33%  in  survivin  siRNA-transfected  cells  (Fig.  5A).  In 
H1299  cells,  SHetA2-induced  apoptosis  was  increased  from 
12%  in  control  siRNA-transfected  cells  to  22%  in  survivin 
siRNA-transfected  cells  (Fig.  5B).  Overall,  data  from  both 
cell  lines  indicate  that  siRNA-mediated  reduction  of  endo¬ 
genous  survivin  results  in  —10%  increase  in  SHetA2- 
induced  apoptosis.  Thus,  we  conclude  that  enforced 
down-regulation  of  endogenous  survivin  slightly  enhances 
SHetA2-induced  apoptosis. 

siRNA- Mediated  Down-regulation  of  c-FLIP  More 
Effectively  Initiates  ApoptosisThan  Survivin  Reduction 

To  further  decipher  the  involvement  or  importance  of 
c-FLIP  and  survivin  in  regulation  of  apoptosis,  we  used 
siRNA  to  silence  c-FLIP  or  survivin  and  then  examined 
their  respective  effect  on  induction  of  apoptosis.  As 
presented  in  Fig.  5C,  transfection  of  c-FLIP  and  survivin 
siRNA  into  A549  cells  efficiently  reduced  the  levels  of 
c-FLIP  and  survivin  proteins,  respectively  (left).  However, 
c-FLIP  down-regulation  induced  much  more  apoptotic  cells 
than  survivin  reduction  (  —  44%  compared  with  24%;  right). 
These  results  again  suggest  that  c-FLIP  plays  a  more 
important  role  than  survivin  in  regulation  of  apoptosis. 

SHetA2  Down-regulates  c-FLIP  through  Promoting 
Ubiquitin/Proteasome-Mediated  Degradation  Indepen¬ 
dent  of  JNK 

Considering  the  importance  of  c-FLIP  down-regulation  in 
SHetA2-induced  and  SHetA2/TRAIL-induced  apoptosis  as 
shown  above,  we  also  questioned  how  SHetA2  reduced 
c-FLIP  levels.  Because  c-FLIP  proteins  are  known  to  be 
regulated  by  ubiquitin/proteasome-mediated  degradation 
(7,  9),  we  then  determined  whether  the  observed  down- 
regulation  of  c-FLIP  by  SHetA2  would  be  mediated  via  this 
process.  To  this  end,  we  first  treated  cells  with  SHetA2  in 
the  absence  and  presence  of  the  proteasome  inhibitor 
MG132  and  then  compared  c-FLIP  modulation  under  these 
conditions.  In  both  A549  and  H157  cells,  SHetA2-induced 
down-regulation  of  c-FLIP  was  inhibited  by  MG132 
(Fig.  6A),  indicating  that  SHetA2-induced  c-FLIP  degrada¬ 
tion  is  proteasome  dependent.  By  immunoprecipitation/ 
Western  blotting,  we  detected  the  highest  levels  of  ubiqui- 
tinated  FLIPl  in  cells  treated  with  SHetA2  plus  MG132 
compared  with  cells  exposed  to  SHetA2  alone  or  MG132 
alone  (Fig.  6B),  indicating  that  SHetA2  increases  c-FLIP  ubi- 
quitination.  Taken  together,  we  conclude  that  SHetA2  ini¬ 


tiates  ubiquitin/proteasome-mediated  c-FLIP  degradation, 
leading  to  down-regulation  of  c-FLIP  in  human  NSCLC  cells. 

Recently,  JNK  has  been  linked  to  tumor  necrosis  factor- 
induced,  ubiquitin/proteasome-mediated  FLIPl  degrada¬ 
tion  (9).  Therefore,  we  determined  whether  JNK  activation 
is  involved  in  mediating  SHetA2-induced  c-FLIP  degra¬ 
dation.  To  this  end,  we  first  looked  at  whether  SHetA2 
increases  JNK  activity.  As  presented  in  Fig.  6C,  SHetA2 
caused  a  time-dependent  increase  in  the  levels  of  phospho- 
c-Jun,  a  well-known  readout  of  JNK  activity,  indicating  that 
SHetA2  treatment  leads  to  activation  of  JNK.  Following  this 
study,  we  examined  the  effects  of  SHetA2  on  c-FLIP  down- 
regulation  in  the  presence  of  the  JNK-specific  inhibitor 
SP600125.  SP600125  at  the  concentration  of  20  pmol/L 
blocked  SHetA2-induced  c-Jun  phosphorylation,  confirm¬ 
ing  that  SP600125  worked  as  expected  in  our  cell  system. 
However,  SP600125  did  not  block  SHetA2-induced  c-FLIP 
(both  FLIPl  and  FLIPS)  down-regulation  (Fig.  6D).  Collec¬ 
tively,  we  suggest  that  SHetA2  down-regulates  c-FLIP 
independent  of  JNK  activation. 

Discussion 

By  examining  the  modulatory  effects  of  SHetA2  on  the 
levels  of  several  proteins  involved  in  the  regulation  of 
both  extrinsic  and  intrinsic  apoptotic  pathways,  including 
c-FLIP,  survivin,  XIAP,  Bcl-2,  Bcl-XL,  Bim,  and  Bax,  we 
noted  that  c-FLIP,  a  major  inhibitor  of  the  extrinsic  apop¬ 
totic  pathway,  and  survivin,  a  major  inhibitor  of  the 
intrinsic  apoptotic  pathway,  are  the  only  proteins  that 
were  down-regulated  in  all  of  the  tested  NSCLC  cell  lines 
(Fig.  1).  Thus,  down-regulation  of  c-FLIP  and  survivin 
appears  important  for  SHetA2  regulation  of  apoptosis. 

It  has  been  documented  that  modulation  of  either  c-FLIP 
or  survivin  levels  alters  cell  sensitivity  to  drug-induced  or 
death  receptor-mediated  apoptosis  (5-7,  38-40).  In  this 
study,  enforced  expression  of  ectopic  FLIPl  attenuated 
induction  of  apoptosis  by  SHetA2  or  its  combination  with 
TRAIL  (Figs.  2  and  3),  suggesting  a  critical  role  of  c-FLIP 
down-regulation  in  mediating  SHetA2-induced  apoptosis 
and  the  augmentation  of  TRAIL-induced  apoptosis.  In 
contrast,  enforced  expression  of  ectopic  survivin  did  not 
protect  cancer  cells  from  either  SHetA2-induced  apoptosis 
or  SHetA2/ TRAIL-induced  apoptosis  (Fig.  4).  Interestingly, 
siRNA-mediated  reduction  of  endogenous  survivin  did 
slightly  enhance  SHetA2-induced  apoptosis  (Fig.  5A 
and  B).  Thus,  it  seems  that  survivin  reduction  plays  a  role, 
albeit  limited,  in  this  process.  In  our  previous  study,  the 
proteasome  inhibitor  PS-341  induced  apoptosis  and  aug¬ 
mented  TRAIL-induced  apoptosis  despite  up-regulation  of 
survivin  (41).  In  this  study,  we  also  showed  that  siRNA- 
mediated  silencing  of  c-FLIP  induced  massive  apoptosis, 
whereas  silencing  of  survivin  initiated  limited  apoptosis 
(Fig.  5C).  These  results  suggest  that  cancer  cells  are  more 
subject  to  undergo  apoptosis  by  modulation  of  c-FLIP 
levels  than  by  alteration  of  survivin  levels,  although  both 
c-FLIP  and  survivin  are  involved  in  the  regulation  of 
apoptosis. 
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Our  previous  study  showed  that  SHetA2  up-regulates 
DR5  expression,  which  contributes  to  SHetA2-induced 
apoptosis  and  enhancement  of  TRAIL-induced  apoptosis 
in  human  NSCLC  cells  (32).  The  present  findings  on 
modulation  of  c-FLIP  and  its  involvement  in  SHetA2- 
induced  apoptosis  alone  and  in  combination  with  TRAIL 
further  highlight  the  importance  of  the  activation  of  the 
DR5-mediated  extrinsic  apoptotic  pathway  in  SHetA2 
mechanisms  at  least  in  NSCLC  cells.  Based  on  these 
previous  (32)  and  current  findings,  we  propose  that 
SHetA2  induces  apoptosis  and  enhances  TRAIL-induced 
apoptosis  primarily  through  activation  of  the  extrinsic 
apoptotic  pathway  by  induction  of  DR5  expression  and 
down-regulation  of  c-FLIP  in  human  NSCLC  cells.  In 
addition,  down-regulation  of  survivin  can  further  amplify 
death  signaling  from  activation  of  the  extrinsic  apoptotic 
pathway. 

It  has  been  documented  that  both  FLIPl  and  FLIPS  are 
quick  turnover  proteins  regulated  by  ubiquitin/ protea- 
some-mediated  degradation  (7,  9).  In  the  current  study, 
SHetA2  down-regulated  c-FLIP  levels  by  facilitating  ubiq- 
uitin/proteasome-mediated  degradation  of  c-FLIP,  as 
SHetA2  increased  ubiquitinated  c-FLIP  levels  and  lost 
activity  in  reducing  c-FLIP  levels  in  the  presence  of  the 
proteasome  inhibitor  MG  132  (Fig.  6).  JNK  activation  has 
been  recently  suggested  to  regulate  ubiquitin/ proteasome- 
dependent  degradation  of  FLIPl  (9).  Although  SHetA2 
treatment  leads  to  activation  of  the  JNK  pathway,  the  JNK 
inhibitor  SP600125  did  not  prevent  SHetA2-induced  down- 
regulation  of  c-FLIP.  Moreover,  SHetA2  decreased  both 
forms  of  c-FLIP  (FLIPl  and  FLIPS),  whereas  JNK  regulates 
the  degradation  of  only  the  long  form  of  c-FLIP  (FLIPl; 
ref.  9).  Thus,  our  results  suggest  that  SHetA2  down- 
regulates  c-FLIP  independent  of  JNK. 

We  noted  only  in  some  of  the  tested  cell  lines  that  SHetA2 
did  down-regulate  the  expression  of  Bcl-2,  Bcl-XL,  and 
XIAP,  all  of  which  are  antiapoptotic  proteins  involved  in 
regulation  of  the  intrinsic  apoptotic  pathway  (2).  Thus,  it 
appears  that  the  modulation  of  these  proteins  may  not  be  as 
important  as  c-FLIP  down-regulation  in  mediating  SHetA2- 
induced  apoptosis.  However,  it  is  still  possible  that  the 
modulation  of  these  proteins  contributes  to  SHetA2- 
induced  apoptosis  or  augmentation  of  TRAIL-induced 
apoptosis,  to  a  certain  extent,  in  a  specific  cell  line.  It  is 
likely  that  SHetA2-mediated  induction  of  DR5  and  down- 
regulation  of  c-FLIP  initiates  apoptosis,  whereas  down- 
regulation  of  other  antiapoptotic  proteins  such  as  survivin 
and  Bcl-2  lowers  the  cellular  apoptotic  threshold  to  further 
sensitize  cancer  cells  to  SHetA2-induced  apoptosis.  None¬ 
theless,  the  roles  of  these  antiapoptotic  proteins  in  regu¬ 
lating  SHetA2-induced  apoptosis  including  sensitization 
of  TRAIL-induced  apoptosis  need  further  investigation. 

In  summary,  the  present  study  shows  for  the  first  time 
that  SHetA2  down-regulates  c-FLIP  in  human  NSCLC  cells; 
this  down-regulation  contributes  to  SHetA2-mediated 
induction  of  apoptosis  and  enhancement  of  TRAIL-induced 
apoptosis.  The  current  results  complement  our  previous 
finding  that  the  DR5-mediated  extrinsic  apoptotic  pathway 


plays  a  critical  role  in  SHetA2-induced  apoptosis  in  human 
NSCLC  cells. 
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Abstract 

Decoy  receptor  2  (DcR2)  is  one  of  the  tumor  necrosis  factor- 
related  apoptosis-inducing  ligand  (TRAIL)  receptors  and 
suppresses  TRAIL-induced  apoptosis.  Its  expression,  like  the 
other  three  TRAIL  receptors  (i.e.,  DR4,  DR5,  and  DcRl),  is 
regulated  by  p53.  Here,  we  report  that  DcR2  is  a  p53  target 
gene  and  regulates  chemosensitivity.  In  this  study,  we 
identified  a  p53-binding  site  (p53BS)  in  the  first  intron  of 
the  DcR2  gene.  This  p53BS  is  almost  identical  to  the  ones 
found  in  the  first  introns  of  other  three  TRAIL  receptor  genes. 
By  a  chromatin  immunoprecipitation  assay,  we  detected  that 
the  p53  protein  bound  to  the  DcR2  p53BS  in  intact  cells. 
Subcloning  of  the  DcR2  p53BS  into  a  luciferase  reporter  vector 
driven  by  a  SV40  promoter  exhibited  enhanced  luciferase 
activity  when  transiently  cotransfected  with  a  wild-type  (wt) 
p53  expression  vector  in  p53-null  cell  lines  or  stimulated  with 
DNA-damaging  agents  in  cell  lines  having  wt  p53.  Moreover, 
when  the  DcR2  p53BS,  together  with  its  own  corresponding 
promoter  regions,  was  subcloned  into  a  basic  luciferase  vector 
without  a  promoter  element,  its  transcriptional  activities  were 
strikingly  increased  by  cotransfection  of  the  wt  p53  gene. 
However,  when  this  p53BS  was  deleted  from  the  construct,  wt 
p53  failed  to  transactivate  this  reporter  construct.  Collectively, 
we  conclude  that  p53  directly  regulates  the  DcR2  gene 
expression  via  an  intronic  p53BS.  In  addition,  overexpression 
of  DcR2  conferred  resistance  to  TRAIL-mediated  apoptosis 
and  attenuated  cell  response  to  DNA-damaging  agents, 
whereas  silencing  of  DcR2  expression  enhanced  chemothera¬ 
peutic  agent-induced  apoptosis.  These  results  suggest  that 
DcR2  regulates  chemosensitivity.  (Cancer  Res  2005;  65(20):  9169-75) 

Introduction 

p53  is  the  most  commonly  altered  gene  in  human  cancer.  Thus, 
it  plays  a  crucial  role  in  protecting  organisms  from  developing 
cancer  (1).  Compared  with  many  normal  tissues,  aberrant  cells 
with  potentially  malignant  characteristics  are  highly  sensitive  to 
apoptotic  signals  and  survive  and  further  progress  to  malignancy 
only  when  they  have  acquired  lesions,  such  as  loss  of  p53,  that 
prevent  or  impede  cell  death  (2).  Therefore,  it  is  important  to 
understand  how  cancer  cells  become  resistant  to  apoptosis  to 
pursue  apoptosis-oriented  cancer  therapy.  In  fact,  the  most 
common  antiapoptotic  lesion  that  is  detected  in  cancers  is  the 
inactivation  of  the  p53  tumor  suppressor  pathway  (2).  It  is  well 
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known  that  activation  of  p53  (e.g.,  stress-induced  stabilization) 
leads  to  either  growth  arrest  or  induction  of  apoptosis  (3,  4).  The 
question  is  how  p53  contributes  to  the  activation  of  cell  death  and 
what  determines  whether  induction  of  p53  will  trigger  apoptosis. 

It  is  generally  accepted  that  p53  primarily  acts  as  a  transcription 
factor  and  induces  apoptosis  by  transcriptionally  modulating  the 
expression  of  its  proapoptotic  target  genes,  although  it  also  induces 
apoptosis  in  a  transcription-independent  fashion  (2-5).  It  is  also 
clear  that  most  functional  genes  regulated  by  p53  contain  classic 
p53-binding  sites  (p53BSs)  in  their  promoter  or  intronic  regions  (6). 
In  the  last  few  decades,  multiple  proapoptotic  genes  that  serve 
as  p53  target  genes  have  been  identified,  among  which  some 
encode  death  domain-containing  proteins  including  the  death 
receptors  Fas  and  DR5,  whereas  others  encode  mitochondria- 
related  proteins,  such  as  Bax,  Noxa,  Puma,  and  p53AIPl,  along  with 
others  having  known  or  speculated  roles  in  different  steps  of  the 
apoptotic  cascades  such  as  PIGs,  caspase-6,  Bid,  and  Apaf-1  (2-7). 
These  genes  may  contribute  to  p53-mediated  cell  death  under 
certain  conditions,  in  certain  specific  tissues,  or  in  different  cell 
types;  however,  no  single  target  gene  is  an  absolute  mediator  for 
p53-dependent  apoptotic  cell  death  (6,  7).  In  addition,  there  are 
increased  studies  showing  that  p53  also  transactivates  some  target 
genes  that  are  antiapoptotic,  such  as  heparin-binding  epidermal 
growth  factor  ( HB-EGF )  and  DcRl  (8-10).  The  roles  of  these 
antiapoptotic  genes  in  regulating  p53-dependent  apoptosis  are  less 
clear,  which  make  p53-mediated  apoptosis  even  more  complex. 

The  tumor  necrosis  factor-related  apoptosis-inducing  ligand 
(TRAIL;  also  called  APO-2L)  is  a  newly  identified  member  of  the 
tumor  necrosis  factor  family  with  great  therapeutic  potential  for 
cancer  treatment,  because  it  induces  apoptosis  in  a  wide  variety 
of  transformed  cells  but  does  not  seem  cytotoxic  to  normal  cells 
in  vitro  and  in  vivo  (11-13).  TRAIL  induces  apoptosis  by  interacting 
with  two  death  domain- containing  receptors:  DR4  (also  called 
TRAIL  receptor- 1)  and  DR5  (also  called  TRAIL  receptor  2  and 
Killer/DR5;  refs.  11,  12).  In  addition,  TRAIL  can  bind  to  two  decoy 
receptors  DcRl  (also  called  TRAIL-R3)  and  DcR2  (also  called 
TRAIL-R4).  The  former  does  not  contain  a  cytoplasmic  death 
domain,  whereas  the  latter  has  a  truncated  death  domain. 
Therefore,  both  DcRl  and  DcR2  can  compete  with  DR4  and  DR5 
for  TRAIL  binding  and  negatively  regulate  TRAIL-induced  apopto¬ 
sis  (11,  12).  Interestingly,  DcRl  and  DcR2  as  antiapoptotic  genes  are 
expressed  in  many  normal  tissues,  but  their  expressions  are 
frequently  lost  in  various  types  of  human  cancer  (11,  12). 

It  has  been  documented  that  all  the  four  TRAIL  receptors  are 
regulated  by  p53  (14).  Among  them,  DR5  is  the  first  to  be  shown 
that  its  transcription  is  directly  transactivated  by  p53  through  an 
intronic  sequence-specific  p53BS  (15,  16).  Very  recently,  we  and 
others  have  shown  that  p53  also  directly  regulates  the  expression  of 
both  DR4  and  DcRl  through  the  intronic  p53BSs  that  are  similar  to 
the  one  identified  in  the  DR5  gene  (10,  17).  However,  it  is 
undetermined  whether  DcR2  is  also  a  p53  target  gene. 
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It  is  known  that  the  genes  encoding  DR4,  DR5,  DcRl,  and  DcR2  are 
highly  homologous  and  map  together  to  a  tight  cluster  on  human 
chromosome  8p21-22,  suggesting  that  they  arose  from  a  common 
ancestral  gene  (6,  14).  Because  DR5,  DR4,  and  DcRl  are  directly 
regulated  by  p53  through  similar  p53BSs  existing  in  their 
corresponding  intronic  region,  we  speculated  that  DcR2  might  also 
be  regulated  by  p53  through  a  similar  intronic  p53BS.  In  this  study, 
we  compared  the  sequences  of  first  introns  of  these  four  genes  and 
identified  a  similar  p53BS  in  the  first  intron  of  the  DcR2  gene. 
Moreover,  we  have  proven  that  it  is  a  functional  p53BS  that  mediates 
p53-dependent  regulation  of  DcR2.  In  addition,  we  studied  its  roles 
in  regulating  TRAIL-  and  DNA-damaging  agent-induced  apoptosis. 

Materials  and  Methods 

Reagents.  RPMI  1640  with  glutamine  and  fetal  bovine  serum  were 
obtained  from  Sigma  Chemicals  (St.  Louis,  MO).  All  restriction  enzymes  and 
T4  DNA  ligase  were  purchased  from  New  England  Biolabs  (Beverly,  MA). 
PCR  reagents  were  purchased  from  Invitrogen  (Carlsbad,  CA)  or  Eppendorf 
(Westbury,  NY).  iScript  cDNA  Synthesis  Kit  was  purchased  from  Bio-Rad 
Laboratories  (Hercules,  CA).  Etoposide  (VP- 16),  doxorubicin,  and  other 
chemical  reagents  were  purchased  from  Sigma  Chemicals.  Human 
recombinant  TRAIL  was  purchased  from  PeproTech,  Inc.  (Rocky  Hill,  NJ). 

Cell  lines  and  cell  culture.  The  human  tumor  cell  lines  H1299  (p53 
null),  H358  (p53  null),  H460  (wild-type  p53,  wt  p53),  and  MCF-7  (wt  p53) 
were  purchased  from  the  American  Type  Culture  Collection  (Manassas,  VA). 
HCT116  (wt  p53)  and  HCT116  p53_/_  cell  lines  were  kindly  provided  by 
Dr.  B.  Vogelstein  (Johns  Hopkins  University  Medical  Institutions,  Baltimore, 
MD).  These  cell  lines  were  grown  in  monolayer  culture  in  RPMI  1640  with 
glutamine  or  McCoy’s  5A  medium  (HCT116)  supplemented  with  5%  fetal 
bovine  serum  at  37  °C  in  a  humidified  atmosphere  consisting  of  5%  C02 
and  95%  air. 

Western  blot  analysis.  Preparation  of  whole  cell  protein  lysates  and  the 
procedures  for  the  Western  blotting  were  described  previously  (18).  Whole 
cell  protein  lysates  (50  pg)  were  electrophoresed  through  10%  or  12% 
denaturing  polyacrylamide  slab  gels  and  transferred  to  a  PROTRAN  pure 
nitrocellulose  transfer  membrane  (Schleicher  &  Schuell  BioScience,  Inc., 
Keene,  NH)  by  electroblotting.  The  blots  were  probed  or  reprobed  with  the 
antibodies  and  then  antibody  binding  was  detected  using  the  SuperSignal 
West  Pico  Chemiluminescent  Substrate  (Pierce  Biotechnology,  Inc.,  Rock¬ 
ford,  IL)  according  to  the  manufacturer’s  protocol.  Mouse  monoclonal 
anti-p53  (Ab-6)  antibody  and  rabbit  polyclonal  anti-DcR2  antibody  were 
purchased  from  EMD  Bioscience,  Inc.  (La  Jolla,  CA)  and  Imgenex  (San 
Diego,  CA),  respectively.  Anti-V5  antibody  was  purchased  from  Invitrogen. 
Rabbit  polyclonal  anti-human  glyceraldehyde-3-phosphate  dehydrogenase 
antibody  was  purchased  from  Trevigen  (Gaithersburg,  MD). 

Adenoviral  infection.  H1299  or  H358  cells  were  infected  with  the 
adenovirus  carrying  wt  p53  (Ad5-CMV-hp53)  or  empty  vector  (Ad-CMV)  as 
described  previously  (17).  Ad5-CMV-hp53  and  Ad-CMV  were  purchased 
from  Qbiogene,  Inc.  (Carlsbad,  CA). 

Chromatin  immunoprecipitation  assay.  Chromatin  immunoprecipi- 
tation  assay  was  conducted  using  the  chromatin  immunoprecipitation 
assay  kit  purchased  from  Upstate  Biotechnology  (Lake  Placid,  NY) 
following  the  manufacturer’s  instruction  and  was  described  previously 
(17).  The  following  specific  primers  for  DcRl  and  DcR2  were  used 
to  amplify  p53BS  from  genomic  DNA  immunoprecipitated  with  specific 
p53  antibody  in  the  chromatin  immunoprecipitation  assay:  DcRl  sense, 
5'-CTCGAGAAGTTCGTCGTCGTCATCGT-3';  DcRl  antisense,  5'-GAGCT- 
CACCCAGTTCTTCCCCTGACT-3';  DcR2  sense,  5'-CTCGAGTTCTGCTGC- 
CGGTGAGTCT-3';  and  DcR2  antisense,  5'-GAGCTCCCACTCTTCCCC- 
TGACTC-3'. 

Construction  of  reporter  plasmids.  The  196-  and  170-bp  DNA 
fragments  containing  intronic  p53BSs  of  DcRl  and  DcR2,  respectively, 
were  amplified  from  H1299  genomic  DNA  with  PCR  amplification  using  the 
primers  described  in  the  above  chromatin  immunoprecipitation  assay. 
These  fragments  were  then  subcloned  into  pGL3-Promoter  luciferase  vector 


(pGL3-P-luc;  Promega,  Madison  WI),  which  contains  an  SV40  promoter 
upstream  of  the  luciferase  gene,  through  Xho\  and  Sad  sites.  The 
corresponding  constructs  were  named  pP-DcRl/p53BS-Luc  and  pP-DcR2/ 
p53BS-Luc,  respectively.  In  addition,  a  1,443-bp  DNA  fragment  spanning  the 
DcR2  promoter,  first  exon,  and  partial  p53BS-containing  intron  region  and  a 
1,389-bp  fragment  spanning  only  the  DcR2  promoter,  first  exon,  and  partial 
intron  region  without  p53BS  were  amplified  by  PCR  with  the  following 
primers:  DcR2-BS-XpM  sense,  5'-GGTACCCCTGCCATTGACCTTACTGCTT- 
3',  DcR2-BS(+)-Rg7II  antisense,  5'-AGATCTCACCCCACTCTTCCCCT- 
GACTCC-3';  and  DcR2-BS(-)-R^/II  antisense,  5'-AGATCTGGCCGCAGGC- 
GACCCGGGCCAAG-3'.  These  fragments  were  then  cloned  into  a  pGL3- 
basic  vector,  which  has  no  promoter  (Promega),  using  Kpnl  and  Bglll 
restriction  sites.  These  constructs  were  named  pB-DcR2/p53BS(+)-luc  and 
pB-DcR2/p53BS(— )-luc,  respectively. 

Construction  of  lentiviral  expression  vectors,  virus  preparation, 
and  cell  infection.  DcR2  cDNA  was  amplified  by  standard  reverse 
transcription-PCR  (RT-PCR)  from  RNA  extracted  from  normal  human 
bronchial  epithelia  cells  using  the  primers:  sense,  5'-GACTAGTATGG- 
GACTTTGGGGACAAAGCGTC-3'  and  antisense,  5'-CGGGCCCTCTAGACTC- 
GAGCCCTTCAGGCAGGACGTAGCAGAGCCTG-3'.  The  DcR2  cDNA  was 
then  cloned  into  a  pT-easy  vector  (Promega)  following  the  manufacturer’s 
protocol  as  pT-easy-DcR2.  Both  pLenti-DcRl  (a  lentiviral  vector  harboring 
DcRl,  which  was  constructed  using  the  pLenti6/V5  Directional  TOPO 
Cloning  kit  purchased  from  Invitrogen)  and  pT-easy-DcR2  were  cut  with 
Spe I  and  Apal.  The  released  fragment  containing  DcR2  cDNA  was  then 
cloned  into  the  digested  pLenti6/V5  vector  and  the  resultant  construct  was 
named  pLenti-DcR2.  In  this  study,  we  used  pLenti-Lac  Z  as  a  vector  control, 
which  was  included  in  the  pLenti6/V5  Directional  TOPO  Cloning  kit. 

Lentiviruses  were  produced  using  ViraPower  Lentiviral  Expression 
System  (Invitrogen)  according  to  the  manufacturer’s  directions.  The 
supernatants  containing  lentiviral  particles  were  filtered  with  MILLEX-HV 
Syringe  Driven  Filter  Unit  (Millipore,  Billerica,  MA)  and  followed  by  a 
concentration  using  Amicon  Ultra  Centrifugal  Filter  Devices  (Millipore). 
The  viral  titers  were  determined  following  manufacturer’s  manual.  For 
infection,  the  viruses  were  added  to  the  cells  at  the  multiplicity  of  infection 
of  10  with  10  pg/mL  polybrene.  For  transient  expression,  cells  were  infected 
and  then  selected  in  the  presence  of  50  pg/mL  blasticidin,  24  hours  after 
infection.  After  8  days,  the  cells  were  subjected  to  the  given  experiments. 

Transient  transfection  and  reporter  activity  assay.  The  information 
about  the  plasmids  used  in  this  study,  including  a  p53-luc  reporter 
plasmid,  a  pCHllO  plasmid  encoding  (3-galactosidase,  pCMV-p53,  and 
pCMV-p53mtl35  expression  vectors,  the  purification  and  transfection  of 
these  plasmids,  and  luciferase  activity  assay,  were  described  in  detail 
previously  (17). 

Detection  of  DcR2  mRNA  expression.  DcR2  mRNA  was  detected  using 
RT-PCR  described  as  follows.  Total  cellular  RNA  was  isolated  from  cells 
using  TRIzol  reagent  (Invitrogen)  as  instructed  by  the  manufacturer.  cDNA 
was  synthesized  using  iScript  cDNA  Synthesis  Kit  (Bio-Rad  Laboratories) 
following  the  manufacturer’s  instructions.  cDNA  was  then  amplified  by  PCR 
using  the  following  primers:  DcR2  sense,  5'-CCTGTACCACGACCAGAGA- 
CAC-3';  DcR2  antisense,  5'-GAACTCGTGAAGGACATGAACG-3';  fVactin 
sense,  5'-GAAACTACCTTCAACTCCATC-3';  and  (Yactin  antisense,  5'-CTA- 
GAAGCATTTGCGGTGGACGATGGAGGGGCC-5'.  The  25-pL  amplification 
mixture  contained  1  pL  of  cDNA,  0.5  pL  of  deoxynucleotide  triphosphate 
(25  mmol/L  each),  1  pL  each  of  the  sense  and  antisense  primers  (20  pmol/L 
each),  5  pL  of  TaqMaster  PCR  enhancer,  1  pL  of  Taq  DNA  polymerase 
(5  units/pL;  Eppendorf),  2.5  pL  10  x  reaction  buffer,  and  sterile  H20.  PCR 
was  done  for  26  cycles.  After  an  initial  step  at  95  °C  for  3  minutes,  each  cycle 
consisted  of  45  seconds  of  denaturation  at  94  °C,  45  seconds  of  annealing  at 
58  °C,  and  1  minute  of  extension  at  72  °C.  This  was  followed  by  an  additional 
extension  step  at  72  °C  for  7  minutes.  The  housekeeping  gene  fi-actin  was 
also  amplified  as  an  internal  reference.  PCR  products  were  resolved  by 
electrophoresis  on  a  1.5%  agarose  gel,  stained,  and  directly  visualized  under 
UV  illumination. 

Silencing  of  DcR2  expression  using  small  interfering  RNA.  Stealth 
DcR2  small  interfering  RNA  (siRNA)  that  targets  sequence  of  5'-CCAA- 
GATCCTTAAGTTCGTCGTCTT-3'  and  Stealth  control  siRNA  that  targets 
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sequence  of  5'-CCTACCAGGGAATTTAAGAGTGTAT-3'  were  synthesized  by 
Invitrogen.  The  transfection  of  siRNA  was  conducted  in  a  24-well  plate 
using  LipofectAMINE  2000  (Invitrogen)  following  the  manufacturer’s 
instructions.  We  transfected  the  same  cells  twice  with  the  same  siRNA 
with  a  48-hour  interval  in  between  the  two  transfections  as  described 
previously  (19).  Twenty-four  hours  after  the  second  transfection,  cells 
were  replated  in  fresh  medium  and  treated  on  the  second  day  with 
chemotherapeutic  agents  as  indicated.  The  gene-silencing  effect  was 
evaluated  by  RT-PCR  and  apoptosis  was  measured  by  a  Cell  Death 
Detection  ELISAplus  kit  as  described  below. 

Cell  survival  assay.  Cells  were  seeded  in  96-well  cell  culture  plates  and 
treated  on  the  second  day  with  the  indicated  agents.  At  the  end  of 
treatment,  cell  number  was  estimated  by  the  sulforhodamine  B  assay  as 
previously  described  (20). 

Detection  of  apoptosis.  Apoptosis  was  evaluated  either  by  Annexin  V 
staining  using  Annexin  V-PE  apoptosis  detection  kit  purchased  from  BD 
Bioscience  (San  Jose,  CA),  or  by  a  Cell  Death  Detection  ELISAplus  kit 
purchased  from  Roche  Molecular  Biochemicals  (Indianapolis,  IN),  following 
the  manufacturer’s  instructions. 

Statistical  analysis.  Cell  survival  and  apoptosis  (i.e.,  DNA  fragmenta¬ 
tion)  between  two  groups  were  analyzed  with  two-sided  unpaired  Student’s 
t  tests  by  use  of  Graphpad  InStat  3  software  (GraphPad  Software,  Inc., 
San  Diego,  CA).  In  all  analyses,  results  were  considered  to  be  statistically 
significant  at  P  <  0.05. 

Results 

Overexpression  of  p53  increases  DcR2  expression  in  p53- 
null  cancer  cells.  Up-regulation  of  DcR2  expression  by  53  has  been 
shown  previously  by  Meng  et  al.  (21).  In  this  study,  we  also 
examined  the  effect  of  p53  overexpression  via  adenoviral  infection 


on  the  expression  of  DcR2  in  p53-null  lung  cancer  cell  lines.  As 
shown  in  Fig.  L4,  Ad-p53  infection  resulted  in  increased  expression 
of  DcR2  in  both  H358  and  H1299  cell  lines  evaluated  by  Western 
blot  analysis.  Thus,  this  result  confirms  the  previous  finding  that 
DcR2  is  indeed  a  p53-regulated  gene  (21). 

Sequence-based  identification  of  a  putative  p53BS  in  the 
first  intron  of  the  DcR2  gene.  By  comparing  the  first  intron 
sequences  of  the  four  TRAIL  receptor  genes,  we  identified  a  similar 
p53BS  (DcR2-p53BS)  in  the  first  intron  of  the  DcR2  gene.  This 
p53BS  is  almost  identical  to  the  ones  reported  within  the  first 
introns  of  DR4,  DR5,  and  DcRl  genes  (refs.  10,  16,  17;  Fig.  IB). 
DcR2-p53BS  shares  85%  homology  with  the  p53  consensus  DNA- 
binding  sequence  (22).  Among  the  p53BSs  of  the  four  TRAIL 
receptors,  their  sequences  are  at  least  80%  identical  (Fig.  IB). 
Moreover,  DcR2-p53BS  and  other  receptor  p53BSs  are  close  to  the 
boundary  of  first  exon/intron  and  are  only  107  to  109  bp  away  from 
the  boundary  (Fig.  IB),  indicating  that  they  are  very  close  to  their 
promoter  regulatory  regions.  Considering  the  identical  locations 
and  similar  sequences  between  DcR2-p53Bs  and  other  receptor 
p53BSs,  we  speculate  that  the  DcR2-p53BS  is  very  likely  to  be 
functional  and  to  mediate  transcriptional  regulation  of  the  DcR2 
gene  expression  by  p53. 

Detection  of  DcR2-p53BS  bound  to  p53  in  intact  cells  using 
a  chromatin  immunoprecipitation  assay.  To  determine  whether 
p53  actually  binds  to  DcR2-p53BS  in  cells  on  p53  activation,  we  did 
the  chromatin  immunoprecipitation  assay  to  detect  formation  of 
DcR2-p53BS-binding  complex  with  p53  in  both  H358  and  H1299 
p53-null  cell  lines  infected  with  Ad-CMV-hp53.  As  a  control,  we  also 
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Figure  1.  Up-regulation  of  DcR2  expression  by  p53  overexpression  in  p53-null  cancer  cells  (A),  identification  of  the  putative  DcR2-p5BS  ( B ),  and  detection  of 
DcR2-p53BS  bound  to  p53  in  intact  cells  upon  p53  activation  ( C ).  A,  HI 299  or  H358  cells  were  infected  on  the  second  day  after  seeding  with  adenovirus  carrying 
an  empty  vector  (Ad-CMV)  or  wt  p53  gene  (Ad-p53).  After  24  hours,  cells  were  harvested  for  preparation  of  whole  cell  protein  lysates.  Western  blot  analysis  was  done  to 
detect  the  expression  of  p53,  DcR2,  and  glyceraldehyde-3-phosphate  dehydrogenase  ( GAPDH )  using  antibodies  against  them.  B,  DcR2-p53BS  is  85%  identical  to 
the  classic  p53BS  that  is  defined  as  two  copies  of  the  10-bp  motif  5'-PuPuPuC(A/T)(T/A)GPyPyPy-3'  separated  by  0  to  13  bp  (22),  where  Pu  represents  purine  and  Py 
represents  pyrimidine.  In  addition,  DcR2-p53BS  shares  >90%  sequence  homology  with  the  other  three  TRAIL  receptors.  C,  H358  and  HI 299  p53-null  cell  lines 
were  infected  with  Ad5-CMV-hp53  for  24  hours  and  subjected  to  chromatin  immunoprecipitation  assay  as  described  in  Materials  and  Methods.  DcR1-p53BS  here  was 
detected  as  a  known  sequence  bound  to  p53  when  p53  is  activated.  The  amplified  DNA  fragments  for  DcRl  and  DcR2  by  PCR  were  196  and  170  bp, 
respectively.  p53Ab,  p53  antibody;  lgG2aAb,  isotype  antibody. 
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detected  DcRl-p53BS  bound  to  p53.  As  shown  in  Fig.  1C,  we 
detected  DNA  fragments  containing  DcR2-p53BS  and  DcRl-p53BS, 
respectively,  from  genomic  DNA  precipitated  with  p53-specific 
antibody  but  not  from  that  pulled  down  with  a  control  IgG2a 
isotype  antibody  in  either  cell  line.  This  result  clearly  indicates  that 
p53  protein  binds  to  DcR2-p53BS  as  it  does  to  DcRl-p53BS  in 
intact  cells  upon  p53  activation,  indicating  that  DcR2-p53BS  is  a 
functional  response  element. 

Reporter  construct  carrying  DcR2-p53BS  exhibits  increased 
transcriptional  activity  in  response  to  p53  overexpression  or 
treatment  with  DNA-damaging  agents.  To  examine  whether 
DcR2-p53BS  is  functional  in  mediating  p53-dependent  up-regulation 
of  the  DcR2  gene,  we  amplified  ~  170-  and  196-bp  intronic 
fragments  carrying  DcR2-p53BS  and  DcRl-p53BS,  respectively,  and 
cloned  each  of  fragment  into  a  pGL3-promoter  luciferase  vector 
upstream  of  minimal  SV40  promoter  (Fig.  2 A).  In  this  study,  we 
used  DcRl-p53BS,  which  is  more  related  to  DcR2  and  known  to  be 
functional  p53BS  (10),  as  a  positive  control  for  comparison.  When 
the  individual  reporter  construct  was  transiently  cotransfected  with 
empty  pCMV,  pCMV-p53,  or  pCMV-p53mtl35  vector  into  H1299 
p53-null  cells,  we  found  that  transfection  of  pCMV-p53  but  not 
pCMV  or  pCMV-p53mtl35  increased  the  luciferase  activity  of 
the  reporter  plasmid  carrying  either  DcR2-p53B  or  DcRl-p53BS 
(Fig.  2 B).  The  expression  of  p53  and  p53mtl35  after  transient 
transfection  in  H1299  cells  has  been  shown  in  our  previous  study 
(17).  Therefore,  our  data  indicate  that  overexpression  of  p53 
enhances  transcriptional  activity  of  the  reporter  plasmid  carrying 


either  DcR2-p53BS  or  DcRl-p53BS.  Similar  results  were  also 
observed  when  we  cotransfected  these  plasmids  into  H358  p53- 
null  cells  (data  not  shown).  Moreover,  we  examined  the  effects  of 
activation  of  endogenous  p53  on  transactivation  of  these  reporter 
vectors  by  treating  wt  p53-containing  cancer  cells  with  DNA- 
damaging  agents.  In  MCF-7  cells,  both  VP- 16  and  doxorubicin  that 
are  known  to  increase  p53  levels  (17)  failed  to  increase  luciferase 
activity  of  empty  pGL3-P-luc  lacking  any  p53BS.  However,  they 
increased  transcriptional  activities  by  >2-fold  (VP- 16)  or  3-fold 
(doxorubicin)  of  the  pGL3-P-luc  reporter  vector  carrying  DcRl- 
p53BS  or  DcR2-p53BS  (Fig.  2C).  We  noted  that  the  reporter  vector 
carrying  DcR2-p53BS  exhibited  a  greater  increase  of  luciferase 
activity  than  the  reporter  plasmid  carrying  DcRl-p53BS  in  response 
to  activation  of  endogenous  p53  induced  by  either  VP- 16  or 
doxorubicin,  although  the  increase  of  luciferase  activity  was  much 
greater  in  the  reporter  vector  carrying  DcRl-p53BS  than  in  the 
reporter  plasmid  harboring  DcR2-p53BS  when  stimulated  with 
overexpression  of  an  exogenous  p53  (Fig.  2 B  and  C).  Collectively, 
these  results  suggest  that  DcR2-p53BS,  like  DcRl-p53BS,  is 
functional  to  mediate  p53-induced  gene  transactivation. 

The  intronic  DcR2-p53BS  is  required  for  driving  p53- 
mediated  transactivation  of  DcR2  promoter.  The  aforemen¬ 
tioned  results  clearly  indicate  that  p53  protein  binds  to  the  intronic 
DcR2-p53BS  in  cells  and  confers  p53  responsiveness  when  located 
upstream  of  a  promoter  (i.e.,  SV40)  in  a  promoter-containing 
reporter  vector  (i.e.,  pGL3-P-luc).  We  next  wanted  to  know  whether 
DcR2-p53BS  could  also  mediate  p53-dependent  transcriptional 


A 

pGL3-P-luc 

pP-DcR1/p53BS-luc 


Luc  I 

,  196  bp  , 

■ - ©-BG HD 

p53BS  SV40 
1  __  170_bp  _  , 


pP-DcR2/p53BS-luc  I - 0-K  Luc  I 

p53BS  SV40 


B 


15 


®  3 


□  pCMV 
■  pCMV-p53 
H  pCMV-p53mt1 35 


pGL3-P-luc  DcR1  DcR2 

p53BS-luc  p53BS-luc 


pGL3-P-luc  DcRI  DcR2 

p53BS-luc  p53BS-luc 


D 

pB-DcR2/p53BS-luc 

1443  bp 


948  bp  232  bp  109  bp 

p53BS 


pB-DcR2/p53BS(-)-luc 

1389  bp. 

|  Exon  1  |  1  Luc | 

948  bp  232  bp  109  bp 


E 

□  pCMV 


DcR2 


Figure  2.  DcR2-p53BS  is  required  for  p53-dependent 
transactivation  of  DcR2  promoter.  A,  diagram  illustrating 
cloning  of  DNA  fragments  containing  DcR1-p53BS  and 
DcR2-p53BS,  respectively,  into  the  pGL3-P-luc  reporter 
vector.  The  DNA  fragments  containing  DcR1-p53BS  and 
DcR2-p53BS,  respectively,  were  PCR  amplified  and 
cloned  into  pGL3-P-luc  reported  vector  upstream  of  the 
SV40  promoter.  Black  boxes,  partial  exon  1  sequences. 

B,  comparison  of  the  activities  of  the  reporter  constructs  ( A )  in 
response  to  p53  overexpression.  The  indicated  reporter  vector 
together  with  pCMV,  pCMV-p53,  or  pCMV-p53mt135  and 
pCHIIO  (3-galactosidase  expression  plasmids  was 
cotransfected  into  HI 299  cells  using  the  FuGene  6  transfection 
reagent.  After  24  hours,  cells  were  harvested  and  subjected 
to  a  luciferase  activity  assay.  C,  comparison  of  the  activities  of 
the  reporter  constructs  (A)  in  response  to  treatment  with 
DNA-damaging  agents.  MCF-7  cells  transfected  with  the 
indicated  reporter  vector  and  p-galactosidase  expression 
plasmid  using  the  FuGene  6  transfection  reagent  for  16  hours 
were  treated  with  10  |amol/L  VP-16  or  1  ^mol/L  doxorubicin 
( DXR ).  After  8  hours,  the  cells  were  harvested  and  subjected  to 
the  luciferase  activity  assay.  Column,  means  of  triplicate 
treatments;  bars,  ±SD.  D,  diagram  illustrating  generation  of  a 
reporter  vector  that  harbors  a  piece  of  natural  DcR2  genomic 
sequence  with  DcR2  promoter  region,  exon  1 ,  and  partial  intron 
1  containing  the  DcR2-p53BS  (pB-DcR2/p53BS-luc)  and  a 
corresponding  construct  lacking  DcR2-p53BS  [pB-DcR2/ 
p53BS(-)-luc].  These  DcR2  genomic  fragments  were  PCR 
amplified  and  cloned  into  a  pGL-3  basic  luciferase  vector  as 
described  in  Materials  and  Methods.  E,  comparison  of  the 
activities  of  the  reporter  constructs  (D)  in  response  to  p53 
overexpression.  The  indicated  reporter  vector  together  with 
pCMV,  pCMV-p53,  or  pCMV-p53mt135  and  pCHIIO 
p-galactosidase  expression  plasmids  were  cotransfected  into 
HI 299  cells  using  the  FuGene  6  transfection  reagent.  After  24 
hours,  cells  were  harvested  and  subjected  to  luciferase  activity 
assay.  Columns,  means  of  triplicate  treatments;  bars,  ±SD. 
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Figure  3.  Lentivirus-mediated  expression 
of  exogenous  DcR2  (A)  and  its  effects 
on  decrease  of  cell  survival  induced  by 
TRAIL  ( B ),  doxorubicin  ( DXR ,  D),  and 
VP-16  (E),  respectively,  and  on  induction 
of  apoptosis  by  TRAIL  and  VP-16, 
respectively  (C).  H460  cells  were  infected 
with  10  multiplicity  of  infection  of 
lentiviruses  harboring  Lac  Z  and  DcR2, 
respectively.  Twenty-four  hours  later,  the 
cells  were  subjected  to  blasticidin  selection 
(50  i-ig/mL).  After  8  days,  the  cells  were 
then  subjected  to  the  given  experiments. 
The  expression  of  DcR2  was  detected  by 
Western  blot  analysis  using  DcR2  and  V5 
antibody,  respectively  (A).  Cell  survival 
was  estimated  using  the  sulforhodamine  B 
assay  after  the  cells  were  exposed  to  the 
indicated  concentrations  of  TRAIL  ( B ), 
doxorubicin  (D),  and  VP-16  (E), 
respectively,  for  24  hours.  Apoptosis  was 
measured  using  Annexin  V  staining  after 
the  cells  were  treated  with  20  ng/mL  TRAIL 
or  25  |amol/L  VP-16  for  24  hours  (C). 
Points,  means  of  four  replicates;  bars, 

+  SD.  *,  P  <  0.001,  compared  with  each 
corresponding  control  treatment  with 
two-sided  unpaired  Student’s  t  tests. 


activity  of  its  own  gene  promoter  when  located  at  a  natural 
position  relative  to  the  promoter  in  its  genomic  locus.  To  do  this, 
we  amplified  a  1,443-bp  DcR2  genomic  DNA  fragment  consisting  of 
the  948-bp  promoter  region,  a  232-bp  exon  1,  and  a  263-bp 
fragment  of  the  first  intron  harboring  the  DcR2-p53BS  and  an 
identical  1,389-bp  DcR2  genomic  DNA  fragment  lacking  only  54  bp 
with  the  DcR2-p53BS,  respectively.  By  cloning  these  fragments  into 
the  pGL3-B-luc  vector,  we  generated  luciferase  reporter  constructs 
with  and  without  DcR2-p53BS.  These  constructs  were  named 
pB-DcR2/p53BS(+)-luc  and  pB-DR4/p53BS(— )-luc,  respectively 
(Fig.  2D).  When  each  of  the  aforementioned  reporter  plasmids 
together  with  the  expression  vector  carrying  no  p53,  a  wt  p53,  or  a 
mutant  p53  gene  were  cotransfected  into  H1299  cells,  we  found  that 
the  wt  p53  but  not  mutant  p53  increased  transcriptional  activity  of 
pB-DcR2/p53BS(+)  by  >  13-fold.  In  contrast,  p53  completely  lost  its 
ability  to  increase  transcriptional  activity  of  the  reporter  vector 
with  deleted  DcR2-p53BS  (pB-DcR2/p53BS(— )-luc;  Fig.  2 E).  This 
result  clearly  indicates  that  the  intronic  DcR2-p53BS  is  essential 
for  p53-mediated  transactivation  of  the  DcR2  gene. 

Overexpression  of  DcR2  confers  resistance  to  chemothera¬ 
peutic  agents.  Other  than  its  inhibitory  function  in  negatively 
regulating  TRAIL-induced  apoptosis,  the  role  of  DcR2  in  drug- 
induced  apoptosis  is  largely  unknown.  Therefore,  we  examined  the 
effect  of  DcR2  overexpression  on  apoptosis  induction  by  chemo¬ 
therapeutic  agents  in  human  cancer  cells.  Infection  of  H460  lung 
cancer  cells  with  lentiviruses  carrying  the  DcR2  gene  resulted  in 
successful  DcR2  expression  evaluated  by  Western  blot  analysis  using 
both  V5  and  DcR2  antibodies  (Fig.  3 A).  Overexpression  of  DcR2  has 
been  shown  to  inhibit  TRAIL-induced  apoptosis  (21,  23-25).  To 
assure  the  normal  function  of  DcR2  expression  in  our  cell  system, 
we  first  determined  whether  cells  infected  with  DcR2  lentiviruses 
were  resistant  to  TRAIL  treatment.  Indeed,  TRAIL  effectively 
decreased  the  survival  of  cells  infected  with  control  lentiviruses 
carrying  the  Lac  Z  gene  in  a  dose-dependent  manner.  In  contrast, 
cells  infected  with  lentiviruses  harboring  DcR2  were  insensitive  to 
TRAIL  treatment.  For  example,  TRAIL,  at  50  ng/mL,  rapidly 


decreased  cell  survival  by  >85%  in  cells  infected  with  Lac  Z 
lentiviruses,  but  only  by  20%  in  cells  infected  with  DcR2  lentiviruses 
(Fig.  3 B).  Moreover,  TRAIL  treatment  induced  73%  cells  infected 
with  Lac  Z  lentiviruses  undergoing  apoptosis,  whereas  it  caused 
only  32%  cells  infected  with  DcR2  lentiviruses  to  die  of  apoptosis 
when  evaluated  using  Annexin  V  staining  (Fig.  3C).  These  results 
indicate  that  DcR2  expression  in  our  system  indeed  confers  cell 
resistance  to  TRAIL-induced  apoptosis  and  thereby  is  functionally 
active. 

Following  these  experiments,  we  examined  the  effects  of  DcR2 
overexpression  on  cell  responses  to  the  chemotherapeutic  agents 
doxorubicin  and  VP- 16.  Compared  with  control  Lac  Z  lentivirus- 
infected  cells,  cells  expressing  DcR2  were  significantly  less  sensitive 
to  either  doxorubicin  (Fig.  3 D;  P  <  0.001)  or  VP- 16  (Fig.  3 E;  P  < 
0.001)  by  measuring  overall  cell  survival.  Moreover,  following  VP-16 
treatment,  we  detected  about  48%  apoptotic  cells  from  cells 
infected  with  control  Lac  Z  lentiviruses,  but  only  about  25% 
apoptotic  cells  from  cells  infected  with  DcR2  lentiviruses  (Fig.  3C). 
Collectively,  these  results  indicate  that  the  enforced  DcR2 
expression  reduces  cell  sensitivity  to  chemotherapeutic  agents 
and  thus  affects  chemosensitivity. 

Silencing  of  DcR2  expression  enhances  chemotherapeutic 
agent-induced  apoptosis.  To  further  show  the  relationship 
between  DcR2  expression  and  chemosensitivity,  we  determined 
whether  manipulation  of  endogenous  levels  of  DcR2-affected  cell 
responses  to  chemotherapeutic  agents.  Meng  et  al.  (21)  reported 
that  the  chemotherapeutic  agent  doxorubicin  induced  p53- 
dependent  expression  of  DcR2  in  human  cancer  cells.  We  found 
that  both  doxorubicin  and  VP- 16  increased  DcR2  expression  in 
HCT116  (p53+/+)  cells  but  not  in  p53  knockout  HCT116  (p53_/_) 
cells,  although  they  had  higher  basal  levels  of  DcR2  than  did 
HCT116  (p53+/+;  Fig.  4 A).  Thus,  our  results  confirmed  p53- 
dependent  up-regulation  of  endogenous  DcR2  expression  by 
chemotherapeutic  agents.  Transfection  of  the  DcR2  siRNA  but 
not  the  control  siRNA  into  HCT116  cells  substantially  decreased 
basal  levels  of  DcR2  expression  and  prevented  DcR2  up-regulation 
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Figure  4.  p53-dependent  modulation  of  endogenous  DcR2 
expression  by  chemotherapeutic  agents  ( A )  and  the  effects  of 
silencing  DcR2  expression  on  chemotherapeutic  agent-induced 
apoptosis  ( B  and  C).  A,  the  indicated  cell  lines  were  treated  with 
50  |imol/L  VP-16  or  0.5  ^imol/L  doxorubicin  (DXR)  for  24  hours  and 
subjected  to  RNA  extraction.  DcR2  mRNA  levels  were  detected 
using  RT-PCR  as  described  in  Materials  and  Methods.  B  and  C, 
HCT116  cells  were  transfected  twice  with  control  (Ctrl)  or  DcR2 
siRNA  in  a  48-hour  interval  as  described  in  Materials  and  Methods. 
Forty  hours  later  after  the  second  transfection,  cells  were  treated 
with  50  |amol/L  VP-16  or  1  |_imol/L  doxorubicin  (DXR).  After  24 
hours,  the  cells  were  subjected  to  RNA  extraction  and  subsequent 
detection  of  DcR2  expression  by  RT-PCR  (B).  In  addition,  the 
cells  were  subjected  to  estimation  of  DNA  fragmentation  using  the 
Cell  Death  Detection  ELISA  kit  (C).  Columns,  mean  of  triplicate 
treatments;  bars,  +SD.  The  statistical  differences  between  the  two 
treatments  were  analyzed  by  two-sided  unpaired  Student’s  t  tests. 


by  chemotherapeutic  agents  (Fig.  4 B).  In  the  control  siRNA- 
transfected  HCT116  cells,  the  amounts  of  DNA  fragments  were  only 
slightly  increased  upon  treatment  with  VP- 16  or  doxorubicin.  In 
contrast,  in  the  DcR2  siRNA- transfected  HCT116  cells,  the  basal 
levels  of  DNA  fragmentation  were  significantly  increased  (P  < 
0.001).  When  treated  with  VP-16  or  doxorubicin,  the  amounts  of 
DNA  fragments  were  further  significantly  increased  ( P  <  0.001; 
Fig.  4C).  Thus,  these  results  indicate  that  prevention  or  blockage  of 
endogenous  DcR2  up-regulation  sensitizes  cells  to  chemothera¬ 
peutic  agent-induced  apoptosis,  furthering  the  notion  that  DcR2 
regulates  chemosensitivity. 

Discussion 

p53-dependent  up-regulation  of  DcR2  expression  has  been 
shown  previously  (21).  However,  the  mechanism  underlying  p53- 
dependent  regulation  of  DcR2  is  unknown.  In  the  present  study,  we 
identified  a  putative  p53BS  in  the  first  intron  of  the  DcR2  gene. 
This  p53BS  is  almost  identical  to  those  found  in  the  first  introns  of 
DR5,  DR4,  and  DcRl  in  terms  of  their  sequences  and  locations.  p53 
overexpression  or  treatment  with  DNA-damaging  agents  enhanced 
transcriptional  activity  of  the  luciferase  reporter  construct  carrying 
the  DcR2-p53BS  upstream  of  the  SV40  promoter,  indicating  that 
this  intronic  p53BS  is  active  for  p53-dependent  transactivation  of 
the  DcR2  gene.  Furthermore,  the  reporter  construct  carrying  the 
fragment  consisting  of  the  endogenous  promoter  region,  exon  1, 
and  partial  first  intron  region  with  DcR2-p53BS  exhibited  increased 
transcriptional  activity  upon  p53  activation.  However,  its  corres¬ 
ponding  construct  lacking  DcR2-p53BS  did  not  show  any  response 
to  the  same  stimulus.  This  result  further  indicates  that  the  DcR2- 
p53BS  is  essential  for  p53-mediated  transactivation  of  the  DcR2 
gene.  Using  a  chromatin  immunoprecipitation  assay,  we  were  able 
to  detect  the  DNA  fragment  containing  DcR2-p53BS  from  DNA/ 
protein  complex  precipitated  only  with  p53-specific  antibody  in 
Ad-p53-infected  p53-null  cell  lines,  indicating  that  the  DcR2-p53BS 
binds  to  p53  in  intact  cells  upon  p53  activation.  Taken  together,  we 
conclude  that  p53  directly  regulates  transcription  of  the  DcR2  gene 
via  an  intronic  p53BS. 


It  has  been  noted  that  the  genes  encoding  DR4,  DR5,  DcRl,  and 
DcR2  are  highly  homologous  and  map  together  to  a  tight  cluster  on 
human  chromosome  8p21-22,  suggesting  that  they  arose  from  a 
common  ancestral  gene  (6,  14).  The  current  study  together  with 
others  (10,  16,  17)  have  shown  that  the  four  TRAIL  receptors  are  all 
p53  target  genes  and  their  expression  is  regulated  by  p53  through 
similar  intronic  p53BSs.  By  comparing  the  sequences  and  locations 
of  these  p53BSs,  we  found  that  they  share  high  homology  (>90%) 
and  locate  at  almost  the  same  positions  that  are  only  107  bp 
(DcRl),  108  bp  (DR4),  or  109  bp  (DR5  and  DcR2)  away  from  the 
exon  1  and  intron  1  boundaries  (Fig.  1).  Thus,  it  seems  that  these 
p53BSs  are  well  conserved  during  evolution. 

It  is  clear  that  the  four  TRAIL  receptors  are  critical  for  regulating 
TRAIL-induced  apoptosis  (11-13).  Indeed,  overexpression  of  DcR2 
in  our  cell  system  protected  cells  from  TRAIL-induced  apoptosis  as 
shown  previously  (21,  23-25).  However,  the  biological  significance 
of  DcR2  as  well  as  other  TRAIL  receptors  as  p53  target  genes  in 
regulation  of  p53-dependent  apoptosis  remains  unclear.  The  only 
study  dealing  with  this  issue  by  Meng  et  al.  (21)  showed  that 
overexpression  of  DcR2  delays  p53-induced  apoptosis  in  human 
colon  cancer  cells.  In  our  current  study,  we  found  that  over¬ 
expression  of  DcR2  in  a  human  lung  cancer  cell  line  with  wt  p53 
partially  protected  cells  from  induction  of  apoptosis  by  some 
chemotherapeutic  agents.  Although  we  used  lentivirus  to  deliver 
DcR2  expression  in  our  cell  system,  the  infection  or  expression 
efficiency  in  this  particular  cell  line  was  still  <50%.  The  brief 
selection  using  blasticidin  (8  days)  after  infection  theoretically 
eliminates  most  cells  that  do  not  express  DcR2,  but  there  might  be 
still  significant  portions  of  surviving  cells  that  did  not  express  DcR2 
well.  Therefore,  the  protection  of  DcR2  on  chemotherapeutic 
agent-induced  apoptosis  may  be  underestimated.  Nevertheless, 
our  current  results  suggest  that  DcR2  expression  levels  may  affect 
chemosensitivity.  If  high  levels  of  DcR2  expression  confer 
cell  resistance  to  chemotherapeutic  agents,  down-regulation  of 
DcR2  expression,  or  prevention  of  DcR2  up-regulation  during 
chemotherapy  should  sensitize  cells  to  chemotherapy.  In  this 
study,  we  found  that  prevention  of  DcR2  up-regulation  using 
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siRNA-mediated  gene  silencing  indeed  enhanced  chemotherapeu¬ 
tic  agent-induced  apoptosis.  Thus,  this  result  further  supports  the 
notion  that  DcR2  regulates  chemosensitivity. 

In  contrast  to  DR4  and  DR5  that  are  expressed  widely  in  both 
normal  and  malignant  cells,  DcR2  as  well  as  DcRl  are  expressed 
preferentially  in  many  normal  tissues  (11),  and  their  expression  is 
often  silenced  or  down-regulated  due  to  promoter  hypermethyla- 
tion  in  multiple  cancer  types,  including  neuroblastoma,  malignant 
mesothelioma,  breast  cancers,  and  lung  cancers  (26,  27),  although 
they  are  generally  considered  as  antiapoptotic  genes  (11-13). 
Currently,  it  is  unknown  why  DcRl  and  DcR2  but  not  DR4  and  DR5 
are  frequently  down-regulated  in  cancer  cells.  This  raises  a  relevant 
question  as  to  the  normal  function  and  importance  of  DcR2  as  well 
as  DcRl  in  homeostasis  and  carcinogenesis.  It  seems  that  this 
needs  to  be  further  investigated  in  the  future.  Nevertheless,  the 
down-regulation  of  DcRl  and  DcR2  expression  in  cancer  cells  may 
present  an  opportunity  for  TRAIL-based  cancer  therapy. 


In  summary,  this  report  provides  compelling  evidence  showing 
that  DcR2  is  a  p53  target  gene,  which  is  regulated  by  p53 
through  an  intronic  p53BS.  In  addition,  we  also  suggest  that 
DcR2  regulates  chemosensitivity.  Currently,  the  biological  signif¬ 
icance  of  DcR2  in  p53-regulated  apoptosis  and  carcinogenesis 
has  not  been  elucidated. 
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Abstract 

The  proteasome  inhibitor  PS-341  (bortezomib  or  Velcade),  an 
approved  drug  for  treatment  of  patients  with  multiple 
myeloma,  is  currently  being  tested  in  clinical  trials  against 
various  malignancies,  including  lung  cancer.  Preclinical 
studies  have  shown  that  PS-341  induces  apoptosis  and 
enhances  tumor  necrosis  factor-related  apoptosis-inducing 
ligand  (TRAIL)-induced  apoptosis  in  human  cancer  cells  with 
undefined  mechanisms.  In  the  present  study,  we  show  that  PS- 
341  induced  caspase-8-dependent  apoptosis,  cooperated  with 
TRAIL  to  induce  apoptosis,  and  up-regulated  death  receptor  5 
(DR5)  expression  in  human  non-small  cell  lung  cancer 
(NSCLC)  cells.  DR5  induction  correlated  with  the  ability  of 
PS-341  to  induce  apoptosis.  Blockage  of  PS-341 -induced  DR5 
up-regulation  using  DR5  small  interfering  RNA  (siRNA) 
rendered  cells  less  sensitive  to  apoptosis  induced  by  either 
PS-341  or  its  combination  with  TRAIL,  indicating  that  DR5  up- 
regulation  mediates  PS-341 -induced  apoptosis  and  enhance¬ 
ment  of  TRAIL-induced  apoptosis  in  human  NSCLC  cells.  We 
exclude  the  involvement  of  c-FLIP  and  survivin  in  mediating 
these  events  because  c-FLIP  (i.e.,  FLIPS)  and  survivin  protein 
levels  were  actually  elevated  on  exposure  to  PS-341.  Reduction 
of  c-FLIP  with  c-FLIP  siRNA  sensitized  cells  to  PS-341 -induced 
apoptosis,  suggesting  that  c-FLIP  elevation  protects  cells  from 
PS-341 -induced  apoptosis.  Thus,  the  present  study  highlights 
the  important  role  of  DR5  up-regulation  in  PS-341 -induced 
apoptosis  and  enhancement  of  TRAIL-induced  apoptosis  in 
human  NSCLC  cells.  [Cancer  Res  2007;67(10):4981-8] 

Introduction 

The  tumor  necrosis  factor  (TNF)-related  apoptosis-inducing 
ligand  (TRAIL)  receptor  death  receptor  4  (DR4;  also  called  TRAIL- 
Rl)  and  death  receptor  5  (DR5;  also  named  Apo2,  TRAIL-R2, 
TRICK2,  or  Killer/DR5)  belong  to  the  TNF  receptor  gene 
superfamily,  all  of  which  share  a  similar,  cysteine-rich  extracellular 
domain  and  additional  cytoplasmic  death  domain  (1).  Both  DR4 
and  DR5,  located  at  the  cell  surface,  become  activated  or 
trimerized  on  binding  to  their  ligand  TRAIL  or  overexpression 
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and  then  signal  apoptosis  through  caspase-8-mediated  activation 
of  caspase  cascades  (1).  Recently,  these  death  receptors  have 
attracted  much  more  attention  because  their  ligand  TRAIL 
preferentially  induces  apoptosis  in  transformed  or  malignant  cells, 
showing  potential  as  a  tumor-selective  apoptosis-inducing  cytokine 
for  cancer  treatment.  The  expression  of  DR4  and  DR5  is  inducible 
by  certain  stimuli,  including  some  cancer  therapeutic  agents  (2,  3). 
It  has  been  documented  that  induction  of  DR4  and/or  DR5 
accounts  for  induction  of  apoptosis  and/or  enhancement  of  TRAIL- 
induced  apoptosis  by  certain  cancer  therapeutic  agents  (4-9). 

Caspase-8  activation  is  a  critical  step  in  initiating  death 
receptor-induced  apoptosis  (1).  c-FLIP  is  the  major  protein  that 
prevents  caspase-8  from  activation  by  death  receptors.  Although 
more  than  10  isoforms  of  c-FLIP  mRNA  have  been  described,  only 
2  of  them,  FLIPS  and  FLIPl,  have  been  significantly  studied  at  the 
protein  level  (10).  Both  proteins  can  be  recruited  to  the  death- 
inducing  signaling  complex  (DISC)  to  inhibit  caspase-8  activation 
(10,  11).  There  are  an  increasing  number  of  studies  showing  that 
modulation  of  c-FLIP  levels  affects  cell  sensitivity  to  death 
receptor-mediated  apoptosis  (10,  11). 

It  is  well  known  that  the  extrinsic  death  receptor-mediated 
pathway  can  activate  the  intrinsic  mitochondria-mediated  path¬ 
way,  through  caspase-8-mediated  cleavage  or  truncation  of  Bid 
protein,  leading  to  induction  of  apoptosis  (12).  Survivin,  a  family 
member  of  the  inhibitor  of  apoptosis  proteins,  acts  downstream  of 
mitochondria  to  prevent  processing  of  initiator  caspase-9  from  the 
apoptosome,  leading  to  inhibition  of  the  activity  of  the  effector 
caspases.  Thus,  survivin  modulates  both  the  extrinsic  and  the 
intrinsic  apoptotic  pathways  (13).  Many  studies  have  shown  that 
induction  of  survivin  expression  causes  cellular  resistance  to  drug- 
induced  apoptosis,  whereas  down-regulation  of  survivin  using 
various  means,  such  as  small  interfering  RNA  (siRNA),  either 
induces  apoptosis  or  sensitizes  cells  to  undergo  drug-  or  death 
ligand/receptor-induced  apoptosis  (13). 

PS-341  (also  called  bortezomib  or  Velcade)  is  an  approved  drug 
for  treatment  of  patients  with  relapsed  multiple  myeloma. 
Currently,  there  are  many  ongoing  clinical  trials  that  test  the 
anticancer  efficacy  of  PS-341  or  its  combinations  with  other  agents 
in  different  types  of  cancers,  including  lung  cancer  (14,  15). 
Many  preclinical  studies  documented  that  PS-341  alone  or  in 
combination  with  other  cancer  therapeutic  agents,  including 
TRAIL,  induces  apoptosis  in  a  variety  of  human  cancer  cells 
in  vitro,  including  both  hematologic  and  solid  tumor  malignancies, 
and  inhibits  the  growth  of  tumor  xenografts  in  vivo  (16,  17). 
However,  the  molecular  mechanisms  underlying  PS-341 -induced 
apoptosis  and  enhancement  of  apoptosis  when  combined  with 
other  agents,  including  TRAIL,  particularly  in  human  lung  cancer 
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cells,  remain  largely  uncharacterized,  although  it  seems  to  be 
associated  with  nuclear  factor-KB  inhibition  (14,  18,  19),  c-Jun  NH2- 
terminal  kinase  (JNK)  activation  (19-21),  or  Bik  and  Bim 
accumulation  (22,  23)  shown  in  certain  types  of  cancer  cells. 

PS-341  has  been  shown  to  sensitize  cells  to  TRAIL-induced 
apoptosis  in  certain  types  of  cancer  cells;  this  effect  seems  to 
be  associated  with  Bik  accumulation  or  c-FLIP  down-regulation 
(22-24).  Other  proteasome  inhibitors,  such  as  MG132,  increase  DR5 
expression,  which  mediates  induction  of  apoptosis  and  enhances 
TRAIL-induced  apoptosis  by  these  inhibitors  (25-27).  To  show  the 
mechanism  by  which  PS-341  induces  apoptosis  in  human  non¬ 
small  cell  lung  cancer  (NSCLC)  cells,  we  studied  the  effects  of  PS- 
341  on  the  expression  of  DR4,  DR5,  c-FLIP,  and  survivin  and  their 
effect  on  PS-341 -induced  apoptosis  and  enhancement  of  TRAIL- 
induced  apoptosis.  Our  results  show  that  DR5  up-regulation  plays 
an  important  role  in  PS-341 -induced  apoptosis  and  enhancement 
of  TRAIL-induced  apoptosis  in  human  NSCLC  cells. 

Materials  and  Methods 

Reagents.  The  powder  of  pure  PS-341  was  provided  by  Millennium 
Pharmaceuticals.  It  was  dissolved  in  DMSO  at  a  concentration  of  1  mmol/L, 
and  aliquots  were  stored  at  —  80  °C.  Stock  solutions  were  diluted  to  the 
desired  final  concentrations  with  growth  medium  just  before  use.  MG132  and 
epoxomicin,  two  additional  proteasome  inhibitors,  were  purchased  from 
Sigma  Chemical  Co.  and  Calbiochem,  respectively.  Human  recombinant 
TRAIL  was  purchased  from  Biomol  or  PeproTech,  Inc.  Rabbit  polyclonal  anti- 
DR5  antibody  was  purchased  from  ProSci,  Inc.  Mouse  monoclonal  anti-DR4 
antibody  (B-N28)  was  purchased  from  Diaclone.  Mouse  monoclonal  anti- 
FLIP  antibody  (NF6)  was  purchased  from  Alexis  Biochemicals.  Mouse 
monoclonal  anti-caspase-3  was  purchased  from  Imgenex.  Rabbit  anti- 
caspase-8,  anti-caspase-9,  anticaspase-6,  anti-lamin  A/C,  and  anti-poly(ADP- 


ribose)  polymerase  (PARP)  antibodies  and  mouse  monoclonal  anti-survivin 
antibody  were  purchased  from  Cell  Signaling  Technology,  Inc.  Rabbit 
polyclonal  anti-(3-actin  antibody  was  purchased  from  Sigma  Chemical. 

Cell  culture.  The  human  NSCLC  cell  lines  used  in  this  study  were 
purchased  from  the  American  Type  Culture  Collection.  They  were  grown  in 
monolayer  culture  in  RPMI  1640  with  glutamine  (Sigma  Chemical) 
supplemented  with  5%  fetal  bovine  serum  at  37  °C  in  a  humidified 
atmosphere  consisting  of  5%  C02  and  95%  air.  The  immortalized  normal 
human  bronchial  epithelial  cell  lines  BEAS-2B  (28)  and  HBEC3KT  (29)  were 
provided  by  Dr.  R.  Lotan  (M.  D.  Anderson  Cancer  Center,  Houston,  TX)  and 
J.D.  Minna  (The  University  of  Texas  Southwestern  Medical  Center,  Dallas, 
TX)  and  cultured  as  described  previously  (28,  29). 

Cell  survival  assay.  Cell  survival  was  estimated  by  sulforhodamine  B 
(SRB)  assay  as  described  previously  (30). 

Western  blot  analysis.  Preparation  of  whole-cell  protein  lysates  and  the 
procedures  for  the  Western  blotting  were  described  previously  (4). 

Detection  of  apoptosis.  The  amounts  of  cytoplasmic  histone-associated 
DNA  fragments  (mononucleosome  and  oligonucleosomes)  formed  during 
apoptosis  were  measured  using  a  Cell  Death  Detection  ELISAplus  kit  (Roche 
Molecular  Biochemicals)  according  to  the  manufacturers  instructions.  The  sub- 
Gi  population  was  analyzed  using  flow  cytometry  as  described  previously  (31). 
In  addition,  caspase  activation  and  their  substrate  cleavage  were  also  detected 
by  Western  blot  analysis  as  described  above  as  another  indicator  of  apoptosis. 

Detection  of  cell  surface  death  receptors.  The  procedure  for  direct 
antibody  staining  and  subsequent  flow  cytometric  analysis  of  cell  surface 
protein  was  described  previously  (32).  The  mean  fluorescence  intensity 
(MFI)  that  represents  antigenic  density  on  a  per  cell  basis  was  used  to 
represent  DR5  expression  level.  Phycoerythrin-conjugated  mouse  anti¬ 
human  DR5  (DJR2-4)  and  anti-human  DR4  (DJR1)  monoclonal  antibodies 
and  phycoerythrin  mouse  IgGl  isotype  control  (MOPC-21/P3)  were 
purchased  from  eBioscience. 

Gene  silencing  using  siRNA.  The  siRNA  duplexes  for  control,  caspase-8, 
DR4,  and  DR5  genes  were  described  previously  (4,  5).  c-FLIP  siRNA  duplex 
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Figure  1.  PS-341  induces  DNA 
fragmentation  (A),  caspase  activation  ( B ), 
and  caspase-8-dependent  apoptosis 
(C  and  D).  A,  the  indicated  cell  lines  were 
treated  with  50  nmol/L  PS-341  for  24  h  and 
then  subjected  to  evaluation  of  DNA 
fragmentation.  B,  the  indicated  cell  lines 
were  treated  with  the  given  concentrations 
of  PS-341  for  24  h  and  then  subjected  to 
preparation  of  whole-cell  protein  lysates 
and  subsequent  Western  blot  analysis. 

C  and  D,  HI 57  cells  were  cultured  in  a 
24-well  plate  and  on  the  2nd  day 
transfected  twice  with  control  {Ctrl)  or 
caspase-8  ( Casp-8 )  siRNA  with  a 
48-h  interval  between  transfections.  Forty 
hours  after  the  second  transfection,  cells 
were  treated  with  50  nmol/L  PS-341 . 

The  cells  were  either  harvested  for 
preparation  of  whole-cell  protein  lysates 
and  subsequent  Western  blot  analysis 
after  an  8-h  treatment  (C)  or  subjected  to 
estimation  of  DNA  fragmentation  using  the 
Cell  Death  Detection  ELISAP|US  kit  after 
a  24-h  treatment  (D).  Columns,  mean 
of  triplicate  determinations;  bars,  SD. 

CF,  cleaved  fragment.  NSB,  nonspecific 
band. 
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Figure  2.  Combination  of  PS-341  and 
TRAIL  exerts  augmented  effects  on 
decreasing  cell  survival  {A),  increasing 
DNA  fragmentation  ( B ),  and  activating 
caspases  (C).  A,  the  indicated  cell  lines 
were  treated  with  the  given  concentrations 
of  TRAIL  alone,  50  nmol/L  PS-341  alone, 
and  their  respective  combinations  as 
indicated.  After  24  h,  cell  number  was 
estimated  using  the  SRB  assay  for 
calculation  of  cell  survival.  Points,  mean  of 
four  replicate  determinations;  bars,  SD. 

B,  the  indicated  cell  lines  were  treated  with 
the  indicated  concentrations  of  TRAIL 
alone,  50  nmol/L  PS-341  alone,  and  their 
respective  combinations  as  indicated. 

After  18  h,  the  cells  were  subjected  to 
measurement  of  DNA  fragmentation  using 
the  Cell  Death  Detection  ELISAP|US  kit. 
Points,  mean  of  triplicate  determinations; 
bars,  SD.  C,  the  indicated  cell  lines  were 
treated  with  50  nmol/L  PS-341  alone, 

50  ng/mL  TRAIL  alone,  and  their 
combination.  After  15  h,  the  cells  were 
harvested  for  preparation  of  whole-cell 
protein  lysates  and  subsequent  Western 
blot  analysis  for  detecting  cleavage  of 
caspases  and  their  substrates. 
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targeting  the  sequence  5'-AATTCTCCGAACGTGTCACGT-3'  of  c-FLIP  gene 
(+514  to  +534)  was  described  previously  (33).  Transfection  of  these  siRNA 
duplexes  was  conducted  in  24-well  or  96-well  plates  using  the  HiPerFect 
transfection  reagent  (Qiagen)  following  the  manufacturer’s  manual.  Gene 
silencing  effects  and  caspase  activation  were  evaluated  by  Western  blot 
analysis,  whereas  DNA  fragmentation  and  cell  survival  were  measured  by  a 
Cell  Death  Detection  ELISAplus  kit  and  the  SRB  assay,  respectively,  as 
described  above. 

Results 

PS-341  induces  caspase-8-dependent  apoptosis.  To  under¬ 
stand  the  mechanism  by  which  PS-341  induces  apoptosis  in  human 
NSCLC  cells,  we  first  determined  the  effects  of  PS-341  on  induction 
of  apoptosis  by  measuring  DNA  fragmentation  in  several  NSCLC  cell 
lines.  As  shown  in  Fig.  L4,  PS-341  increased  DNA  fragmentation  in 
HI 57,  H460,  and  HI 792  cell  lines,  indicating  that  these  cell  lines 
undergo  apoptosis  on  PS-341  treatment.  The  sensitivities  to  undergo 
apoptosis  of  these  cell  lines  are  H1792  >  H460  >  H157.  We  also 
determined  the  effects  of  PS-341  on  induction  of  apoptosis  in  BEAS- 
2B  and  HBEC3KT  immortalized  normal  human  bronchial  epithelial 
cells.  Compared  with  NSCLC  cell  lines,  these  normal  cell  lines  were 
much  less  sensitive  to  PS-341 -induced  apoptosis  (Fig.  L4). 

We  next  determined  the  effects  of  PS-341  on  activation  of  different 
caspases  in  the  above  human  NSCLC  cell  lines.  PS-341  at  the  tested 


concentration  range  (25-100  nmol/L)  effectively  induced  cleavage  of 
caspase-8,  caspase-9,  caspase-3,  and  PARP  as  indicated  by  appearance 
of  the  cleaved  forms  of  these  proteins  in  H157,  H460,  and  H1792  cells 
treated  with  PS-341,  showing  that  PS-341  activates  these  caspases 
(Fig.  IB).  Moreover,  it  seemed  that  the  degree  of  caspase-8  activation, 
but  not  caspase-9  activation,  by  PS-341  was  associated  with  cell 
sensitivities  to  undergo  cleavage  of  caspase-3  and  PARP  and  DNA 
fragmentation  (Fig.  IB),  suggesting  that  caspase-8  activation  may  be 
important  in  PS-341 -induced  apoptosis.  Thus,  we  further  determined 
whether  caspase-8  activation  is  required  for  PS-341-induced  apopto¬ 
sis.  To  this  end,  we  used  caspase-8  siRNA  to  block  caspase-8  activation. 
As  presented  in  Fig.  1C,  the  levels  of  uncleaved  caspase-8  in  caspase- 
8  siRNA-transfected  cells  were  substantially  decreased  compared  with 
those  in  cells  transfected  with  control  siRNA  Accordingly,  we  detected 
cleaved  forms  of  caspase-8  in  control  siRNA-transfected  cells,  but  not 
in  cells  transfected  with  caspase-8  siRNA,  on  PS-341  treatment, 
indicating  a  successful  inhibition  of  caspase-8  activation  induced  by 
PS-341.  Under  these  conditions,  PS-341  efficiently  increased  levels  of 
DNA  fragments  in  control  siRNA-transfected  cells  but  only  weakly  in 
caspase-8  siRNA-transfected  cells  (Fig.  ID).  These  results  indicate  that 
caspase-8  activation  is  required  for  PS-341 -induced  apoptosis  in 
human  NSCLC  cells. 

PS-341  cooperates  with  TRAIL  to  enhance  apoptosis. 

Sensitization  of  TRAIL-induced  apoptosis  by  PS-341  has  been 
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documented  in  other  types  of  cancer  cells  but  not  in  lung  cancer  cells. 
Thus,  we  examined  the  effects  of  PS-341  in  combination  with  TRAIL 
on  cell  survival  and  apoptosis  in  several  human  NSCLC  cell  lines, 
including  A549,  which  is  relatively  resistant  to  TRAIL-induced 
apoptosis  (34).  TRAIL  at  concentrations  ranging  from  25  to  100  ng/ 
mL  decreased  cell  survival  by  <25%  in  A549,  H1792,  and  H157  cells, 
whereas  PS-341  at  50  nmol/L  alone  decreased  cell  survival  by  <30%  in 
A549  and  H1792  cells  and  by  <50%  in  H157  cells.  However,  the 
combination  of  PS-341  and  TRAIL  achieved  50%  to  80%  decreases  in 
cell  survival  in  A549  and  H1792  cells  and  >90%  in  H157  cells 
(Fig.  2 A).  Similar  result  was  also  observed  in  TRAIL-sensitive  H460 
cells  (Fig.  2 A). 

By  specifically  measuring  DNA  fragmentation,  a  hallmark  of 
apoptosis,  we  detected  enhanced  DNA  fragmentation  in  both 
H1792  and  A549  cell  lines  treated  with  the  combination  of  PS-341 
and  TRAIL  (Fig.  2 B).  For  example,  TRAIL  at  50  ng/mL  alone  and 
PS-341  at  50  nmol/L  alone  exerted  limited  effects  on  increasing 
DNA  fragmentation  (0.280  and  0.133  arbitrary  units,  respectively)  in 
A549  cells.  However,  their  combination  increased  DNA  fragmen¬ 
tation  up  to  1.67  arbitrary  unit  (Fig.  2 B).  Collectively,  these  results 
clearly  indicate  that  the  combination  of  PS-341  and  TRAIL  exhibits 
a  more  than  additive  (synergistic)  effect  on  induction  of  apoptosis 
in  human  NSCLC  cells.  Moreover,  we  also  examined  the  effects  of 
the  combination  on  caspase  activation  in  these  cell  lines.  As 
presented  in  Fig.  2C,  the  combination  of  PS-341  and  TRAIL  was 
obviously  more  potent  than  each  single  agent  in  inducing  cleavage 
of  caspase-8,  caspase-9,  caspase-6,  and  caspase-3  and  their 
substrates  PARP  and  lamin  A/C,  evidenced  by  increased  amounts 
of  cleaved  bands  in  cells  treated  with  the  combination  in 
comparison  with  those  in  cells  treated  with  either  PS-341  or 
TRAIL  alone.  These  data  further  support  that  the  combination  of 
PS-341  and  TRAIL  enhances  apoptosis  in  human  NSCLC  cells. 

PS-341  up-regulates  the  expression  of  DR5,  FLIPS,  and 
survivin.  Because  both  caspase-8  activation  and  enhancement  of 


TRAIL-induced  apoptosis  involve  TRAIL  death  receptors  and 
c-FLIP,  we  next  examined  the  effects  of  PS-341  on  the  expression 
of  DR4,  DR5,  and  c-FLIP  in  these  NSCLC  cell  lines.  By  Western  blot 
analysis,  we  detected  increased  and  dose-dependent  DR5  expres¬ 
sion  in  the  three  NSCLC  cell  lines  after  exposure  to  PS-341.  The 
degrees  of  DR5  induction  in  these  cell  lines  were  H1792  >  H460  > 
H157  cells  (Fig.  3 A),  which  correlate  with  cell  sensitivity  to  undergo 
apoptosis  and  caspase-8  activation  as  described  above  (Fig.  L4  and 
B).  PS-341  increased  DR4  levels  in  H1792  cells  but  not  in  H157  and 
H460  cells  (Fig.  3 A).  In  agreement,  cell  surface  DR5  levels  were 
increased  in  the  three  cell  lines  treated  with  PS-341,  whereas  cell 
surface  DR4  levels  were  substantially  increased  only  in  H1792  cells 
(Fig.  3 B).  PS-341  did  not  apparently  alter  FLIPl  levels;  instead,  it 
increased  FLIPS  levels  in  the  three  cell  lines,  particularly  in  HI 57 
and  H460  cells  (Fig.  3 A),  which  were  less  sensitive  to  PS-341- 
induced  apoptosis  compared  with  H1792  cells  (Fig.  L4).  We  noted 
that  the  basal  levels  of  c-FLIP  in  HI 57  and  H460  cells  were  much 
higher  than  in  H1792  cells  (Fig.  3 A).  These  results  suggest  that 
c-FLIP  up-regulation  may  protect  cells  from  PS-341 -induced 
apoptosis.  Together,  these  results  suggest  that  DR5  up-regulation, 
rather  than  c-FLIP  modulation,  plays  an  important  role  in  PS-341 - 
mediated  apoptosis  and  enhancement  of  TRAIL-induced  apoptosis 
in  human  NSCLC  cells. 

It  is  well  known  that  survivin,  Bcl-2,  and  Bcl-XL  are  other 
important  proteins  involved  in  regulating  apoptosis  or  enhancing 
TRAIL-induced  apoptosis  (13,  35,  36).  Therefore,  we  also  measured 
the  levels  of  these  proteins  in  cells  exposed  to  PS-341.  PS-341  did 
not  alter  the  expression  of  either  Bcl-2  or  Bcl-XL  in  human  NSCLC 
cells  even  at  concentrations  up  to  1  pmol/L  (see  Supplementary 
Fig.  SI).  In  a  similar  fashion  to  FLIPS  modulation,  we  found  that  PS- 
341  also  increased  the  levels  of  survivin  in  the  tested  NSCLC  cell 
lines,  particularly  in  H460  and  H1792  cells  (Fig.  3 A). 

We  also  examined  the  effects  of  two  other  proteasome  inhibitors, 
MG132  and  epoxomicin,  on  the  expression  levels  of  DR5,  c-FLIP,  and 
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Figure  3.  Effects  of  PS-341  as  well  as  other  proteasome  inhibitors  on  the  expression  of  DR5,  DR4,  c-FLIP,  and  survivin  ( A  and  C)  and  cell  surface  distributions  of 
death  receptors  (B)  in  human  NSCLC  cell  lines.  A,  the  indicated  cell  lines  were  treated  with  the  given  concentrations  of  PS-341  for  8  h  and  then  subjected  to  preparation 
of  whole-cell  protein  lysates.  The  given  proteins  were  detected  using  Western  blot  analysis.  B,  the  indicated  cell  lines  were  treated  with  50  nmol/L  PS-341  for 
12  h  and  then  harvested  for  analysis  of  cell  surface  DR5  and  DR4  by  immunofluorescent  staining  and  subsequent  flow  cytometry.  Filled  gray  peaks,  cells  stained  with  a 
matched  control  phycoerythrin-conjugated  IgG  isotype  antibody;  open  peaks,  cells  stained  with  phycoerythrin-conjugated  anti-DR5  or  DR4  antibody.  The  number 
in  each  parenthesis  is  the  MFI.  C,  H460  cells  were  treated  with  the  indicated  concentrations  of  MG132  or  epoxomicin  ( Epo )  for  8  h  and  then  subjected  to  preparation 
of  whole-cell  protein  lysates.  The  given  proteins  were  detected  using  Western  blot  analysis.  LE,  longer  exposure. 
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Figure  4.  Silencing  of  DR5  expression 
protects  cells  from  PS-341 -induced 
activation  of  caspases  (/A),  decrease  in 
cell  survival  ( B ),  and  increase  in  DNA 
fragmentation  (C)  in  HI 57  human  NSCLC 
cells.  HI 57  cells  were  cultured  in  a  24-well 
plate  and  on  the  2nd  day  transfected 
twice  with  control,  DR4,  or  DR5  siRNA  with 
a  48-h  interval  between  transfections. 
Forty  hours  after  the  second  transfection, 
cells  were  treated  with  50  nmol/L  PS-341 

(A) ,  the  indicated  concentrations  of 
PS-341  ( B ),  or  25  nmol/L  PS-341  (C).  The 
cells  were  either  harvested  for  preparation 
of  whole-cell  protein  lysates  and 
subsequent  Western  blot  analysis  after 
an  8-h  treatment  (A)  or  subjected  to 
estimation  of  cell  number  by  SRB  assay 

(B)  or  measurement  of  DNA  fragmentation 
using  the  Cell  Death  Detection  ELISAplus 
kit  (C)  after  a  24-h  treatment.  Points  and 
columns,  mean  of  four  replicate  ( B )  or 
triplicate  (C)  determinations;  bars,  SD. 
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survivin.  As  presented  in  Fig.  3C,  FLIPS,  but  not  FLIPl,  was  elevated 
in  cells  treated  with  either  MG  132  or  epoxomicin.  Similarly,  we  also 
detected  increases  in  survivin  levels  in  cells  exposed  to  either  MG132 
or  epoxomicin.  In  addition,  we  also  found  that  both  MG132  and 
epoxomicin  induced  DR5  expression.  Collectively,  these  results 
suggest  that  elevation  of  FLIPS  and  survivin  by  PS-341  is  likely  to 
be  a  consequence  of  proteasome  inhibition. 

DR5  up-regulation  contributes  to  PS-341 -induced  apoptosis. 
To  determine  whether  DR5  up-regulation  is  involved  in  PS-341  - 
induced  apoptosis  in  human  NSCLC  cells,  we  used  DR5  siRNA  to 
block  PS-341 -induced  DR5  up-regulation  and  then  determined  its 
effect  on  PS-341 -induced  apoptosis.  As  presented  in  Fig.  4 A, 
transfection  of  DR5  siRNA  into  HI 57  cells  effectively  decreased  the 
basal  levels  of  DR5  expression  and  PS-341 -induced  DR5  up- 
regulation.  In  this  experiment,  we  also  included  DR4  silencing  as  a 
control,  transfection  of  which  into  HI 57  cells  substantially  reduces 
the  basal  levels  of  DR4  expression.  These  results  indicate  successful 
knockdown  of  either  DR5  or  DR4.  Under  these  conditions,  DR5 
siRNA  protected  cells  from  PS-341 -induced  decrease  in  cell 
survival,  whereas  DR4  siRNA  did  not  have  such  an  effect 
(Fig.  4 B).  By  measuring  caspase  activation  using  Western  blot 
analysis,  we  found  that  PS-341  induced  cleavage  of  caspase-8, 
caspase-9,  caspase-3,  and  PARP  in  cells  transfected  with  control  or 
DR4  siRNA  but  not  in  DR5  siRNA- transfected  cells  (Fig.  4 A). 
Accordingly,  PS-341  increased  DNA  fragmentation  in  cells  trans¬ 
fected  with  control  or  DR4  siRNA,  but  this  effect  was  drastically 
inhibited  in  DR5  siRNA-transfected  cells  (Fig.  4 C).  In  agreement, 
we  observed  that  PS-341  also  induced  less  amounts  of  cleaved 
forms  of  caspase-8,  caspase-3,  and  PARP  and  DNA  fragments  in 
DR5  siRNA-transfected  H460  cells  than  in  control  siRNA-trans¬ 


fected  H460  cells  (see  Supplementary  Fig.  S2).  Together,  these 
results  indicate  that  DR5  up-regulation  plays  a  critical  role  in 
mediating  PS-341 -induced  apoptosis  in  human  NSCLC  cells. 

DR5  up-regulation  contributes  to  PS-341 -mediated  en¬ 
hancement  of  TRAIL-induced  apoptosis.  Because  PS-341 
increases  FLIPS  levels,  we  also  determined  whether  PS-341 
enhances  TRAIL-induced  apoptosis  via  up-regulation  of  DR5.  The 
combination  of  PS-341  and  TRAIL  exhibited  enhanced  effects  on 
cleavage  of  caspase-8,  caspase-3,  and  PARP,  as  indicated  by  the 
levels  of  the  cleaved  bands  by  Western  blotting,  in  control  siRNA- 
transfected  cells  but  not  in  cells  transfected  with  DR5  siRNA 
(Fig.  5 A).  Accordingly,  the  combination  of  PS-341  and  TRAIL  was 
significantly  less  active  in  decreasing  cell  survival  (Fig.  5 B)  and  in 
increasing  DNA  fragmentation  (Fig.  5C)  in  DR5  siRNA-transfected 
cells  than  in  cells  transfected  with  control  siRNA.  Together,  these 
results  indicate  that  PS-341  up-regulates  DR5  expression,  leading  to 
enhancement  of  TRAIL-induced  apoptosis. 

PS-341  induces  apoptosis  independently  of  TRAIL  ligand. 
The  preceding  data  clearly  indicate  that  PS-341  induces  apoptosis  in 
human  NSCLC  cells  through  a  DR5-mediated  mechanism,  whereas 
others  have  shown  that  PS-341  increased  TRAIL  expression,  which 
contributes  to  PS-341-induced  apoptosis  in  primary  chronic 
lymphocytic  leukemia  cells  (37).  Thus,  we  further  determined  if 
PS-341 -induced  DR5-dependent  apoptosis  involves  the  TRAIL  ligand. 
By  Western  blot  analysis,  we  observed  that  H157  cells  expressed  very 
low  levels  of  TRAIL,  which  were  not  further  increased  by  PS-341  (see 
Supplementary  Fig.  S3A).  The  presence  of  soluble  recombinant 
DR5:Fc,  which  neutralizes  TRAIL,  abolished  TRAIL-induced  decrease 
in  cell  survival  and  increase  in  DNA  fragmentation  but  failed  to 
protect  cells  from  PS-341 -induced  cell  death  (see  Supplementary 
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Fig.  S3i?  and  C).  Collectively,  we  conclude  that  PS-341  induces 
apoptosis  in  human  NSCLC  cells  independently  of  TRAIL. 

Blockage  of  FLIPS  elevation  sensitizes  cells  to  PS-341 
treatment.  To  determine  whether  FLIPS  elevation  by  PS-341  is 
associated  with  cell  resistance  to  PS-341,  we  used  c-FLIP  siRNA 
to  block  PS-341 -induced  FLIPS  elevation  and  then  examined  cell 
sensitivity  to  PS-341  treatment.  As  presented  in  Fig.  6 A,  transfec¬ 
tion  of  c-FLIP  siRNA  not  only  decreased  basal  levels  of  c-FLIP 
(both  FLIPl  and  FLIPS)  but  also  more  importantly  abrogated  PS- 
341 -induced  FLIPS  elevation.  Subsequently,  the  cell  sensitivity  to 
PS-341  treatment  in  c-FLIP  siRNA-transfected  cells  was  greatly 
increased  in  comparison  with  cells  transfected  with  control  siRNA 
(Fig.  6 B).  In  both  H157  and  H460  cells,  PS-341  induced  more 
apoptosis  in  c-FLIP  siRNA-transfected  cells  than  in  control  siRNA- 
transfected  cells  (Fig.  6 C).  For  example,  PS-341  induced  ~  15% 
apoptosis  in  control  siRNA-transfected  cells  but  30%  apoptosis  in 
c-FLIP  siRNA-transfected  cells,  whereas  transfection  of  c-FLIP 
siRNA  alone  caused  only  ~  10%  apoptosis  (Fig.  6 C).  Thus,  these 
results  have  proved  our  speculation  that  FLIPS  elevation  protects 
cells  from  PS-341 -induced  apoptosis. 

Discussion 

Induction  of  DR4  and/or  DR5  and  enhancement  of  TRAIL- 
induced  apoptosis  by  PS-341  have  been  shown  in  certain  types  of 
cancer  cells,  including  colon  cancer,  prostate  cancer,  bladder 
cancer,  and  chronic  lymphocytic  leukemia  cells  (37,  38).  Moreover, 
a  recent  study  has  shown  that  the  TRAIL/DR4  or  DR5  apoptotic 
pathway  mediates  proteasome  inhibitor  (including  PS-341 )- 
induced  apoptosis  in  primary  chronic  lymphocytic  leukemia  cells 
(37).  In  the  present  study,  we  have  shown  for  the  first  time  that  PS- 
341  induces  apoptosis  in  human  NSCLC  cells  through  a  DR5- 
mediated  mechanism  because  of  the  following  findings:  first, 
PS-341  induced  the  activation  of  caspase-8  and  other  caspases, 
whereas  inhibition  of  caspase-8  activation  diminished  PS-341 - 
induced  apoptosis,  indicating  that  PS-341  induces  a  caspase- 
8-dependent  apoptosis;  second,  PS-341  induced  DR5  expression, 
including  cell  surface  DR5  and  enhanced  TRAIL-induced  apoptosis; 


Figure  5.  Silencing  of  DR5  expression 
attenuates  the  ability  of  PS-341  to 
cooperate  with  TRAIL  to  activate  caspases 

(A) ,  decrease  cell  survival  ( B ),  and 
increase  DNA  fragmentation  ( C ).  H157 
cells  were  cultured  in  a  24-well  plate  and 
on  the  2nd  day  transfected  with  control  or 
DR5  siRNA.  Twenty-four  hours  after  the 
transfection,  cells  were  reseeded  in  a 
6-well  plate  ( A )  or  96-well  plates 
( B  and  C)  and  treated  with  50  nmol/L 
PS-341  (PS),  5  ng/mL  TRAIL  or  PS-341, 
and  TRAIL  combination  ( PS+TRAIL ;  A), 
with  5  ng/mL  TRAIL  in  combination  with 
the  indicated  concentrations  of  PS-341 , 
respectively  ( B ),  or  with  the  solvent  control 
DMSO  or  the  combination  of  50  nmol/L 
PS-341  and  10  ng/mL  TRAIL  (C)  on  the 
2nd  day  after  reseeding.  After  24-h 
(A  and  B)  or  12-h  (C)  treatment,  the  cells 
were  either  harvested  for  preparation  of 
whole-cell  protein  lysates  and  subsequent 
Western  blot  analysis  (A)  or  subjected  to 
estimation  of  cell  number  by  SRB  assay 

( B )  or  measurement  of  DNA  fragmentation 
using  the  Cell  Death  Detection  ELISAP|US 
kit  (C).  Points  and  columns,  mean  of 
triplicate  ( B  and  C)  determinations; 
bars,  SD. 

and  last,  blockage  of  DR5  up-regulation  by  siRNA-mediated  DR5 
silencing  abrogated  PS-341 -induced  apoptosis  and  enhancement 
of  TRAIL-induced  apoptosis,  indicating  that  DR5  up-regulation  is 
required  for  PS-341 -induced  apoptosis  and  sensitization  to  TRAIL- 
induced  apoptosis.  In  this  regard,  our  results  partially  agree  with 
the  findings  by  Kabore  et  al.  (37)  that  PS-341 -induced  apoptosis  in 
primary  chronic  lymphocytic  leukemia  cells  involves  up-regulation 
of  DR4  and  DR5,  although  we  failed  to  show  the  role  of  DR4  in 
PS-341-induced  apoptosis  in  H157  human  NSCLC  cells.  In  primary 
chronic  lymphocytic  leukemia  cells,  TRAIL  was  induced  and  is 
required  for  PS-341 -induced  apoptosis  because  soluble  DR4:Fc 
inhibited  PS-341 -induced  cell  death  (37).  However,  we  failed  to 
detect  TRAIL  up-regulation  in  cells  treated  with  PS-341  and 
protective  effects  of  soluble  DR5:Fc  on  PS-341 -induced  cell  death 
in  human  NSCLC  cells,  suggesting  that  PS-341  induces  apoptosis 
independently  of  TRAIL  ligand  in  human  NSCLC  cells. 

DR5  expression  is  regulated  through  p53-dependent  and  p53- 
independent  mechanisms  (2,  39).  Although  PS-341  was  reported  to 
increase  p53  expression  (20,  40),  we  found  that  PS-341  increased  DR5 
expression  in  NSCLC  cell  lines  with  wild-type  p53  (H460)  and  mutant 
p53  (HI 57  and  HI 792).  Thus,  PS-341  is  likely  to  up-regulate  DR5 
expression  through  a  p53-independent  mechanism.  Some  studies 
have  shown  that  JNK  regulates  DR5  expression  (6,  41,  42).  Although 
PS-341  indeed  induced  JNK  activation  in  our  cell  lines  as  shown 
previously  (20,  21),  we  found  that  the  JNK  inhibitor  SP600125  only 
weakly  attenuated  PS-341 -induced  DR5  induction,1  suggesting  that 
other  mechanism(s)  beyond  JNK  may  be  involved  in  PS-341 -induced 
DR5  expression  in  human  NSCLC  cells.  Because  PS-341  induces 
endoplasmic  reticulum  stress,  including  up-regulation  of  CHOP/ 
GADD153  (43,  44),  a  transcriptional  factor  known  to  regulate  DR5 
expression  (27,  45),  it  remains  to  be  determined  whether  PS-341 
induces  a  CHOP-dependent  up-regulation  of  DR5. 

c-FLIP  is  regulated  by  an  ubiquitin-proteasome  mechanism 
(46,  47),  and  certain  cancer  therapeutic  agents  stimulate  down- 
regulation  of  c-FLIP  expression  through  this  mechanism  (46). 
PS-341,  as  a  proteasome  inhibitor,  was  surprisingly  reported  to 


1  Unpublished  data. 
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reduce  c-FLIP  levels  (24),  although  other  studies  showed  that  PS- 
341  did  not  alter  c-FLIP  levels  (38)  or  increased  the  levels  of  c-FLIP 
in  the  DISC  (48).  In  our  study,  we  clearly  showed  that  PS-341 
increased  the  levels  of  FLIPS  without  altering  FLIPl  levels  in  all  of 
the  tested  NSCLC  cell  lines.  Moreover,  we  also  showed  that  other 
proteasome  inhibitors,  including  MG  132  and  epoxomicin,  exhibited 
similar  effects  on  modulation  of  c-FLIP  expression  as  PS-341. 
Therefore,  this  is  the  first  study  to  show  that  PS-341  and  other 
proteasome  inhibitors  selectively  increase  FLIPS  levels,  although 
the  underlying  mechanism  is  currently  unclear.  A  recent  study  has 
shown  that  FLIPS  is  more  prone  to  ubiquitination  and  has  a 
considerably  shorter  half-life  in  comparison  with  FLIPl  (47). 
Therefore,  it  would  be  interesting  to  investigate  whether  PS-341 
increases  FLIPS  levels  through  inhibition  of  the  proteasome. 
Nevertheless,  our  results  indicate  that  it  is  unlikely  for  PS-341  to 
enhance  TRAIL-induced  apoptosis  through  modulation  of  c-FLIP 
in  human  NSCLC  cells. 

The  basal  levels  of  c-FLIP  in  H157  and  H460  cells,  which  were  less 
sensitive  to  PS-341-induced  apoptosis,  were  much  higher  than  in 
H1792  cells,  which  were  more  sensitive  to  PS-341 -induced  apoptosis. 
Moreover,  FLIPS  levels  were  greatly  increased  in  HI 57  and  H460  cells 
in  comparison  with  those  in  H1792  cells  (Fig.  3).  Thus,  it  seems  that  the 
levels  of  c-FLIP,  particularly  FLIPS  elevation  during  PS-341  treatment, 
may  provide  a  protective  mechanism  for  cells  to  counteract  PS-341- 
induced  apoptosis.  Indeed,  this  notion  was  supported  by  our  findings 
that  reduction  of  c-FLIP  levels,  particularly  prevention  of  PS-341- 
induced  FLIPS  elevation  in  both  H157  and  H460  cells,  significantly 
sensitized  cells  to  PS-341 -induced  apoptosis  (Fig.  6). 

Survivin,  Bcl-2,  and  Bcl-XL  are  known  to  regulate  apoptosis  or 
enhance  TRAIL-induced  apoptosis  (13, 35, 36).  In  our  study,  we  found 
that  PS-341  did  not  alter  the  expression  of  either  Bcl-2  or  Bcl-XL  in 
human  NSCLC  cells,  which  agree  with  published  results  in  other  types 
of  cancer  cells  (22,  23).  In  a  similar  fashion  to  FLIPS  modulation,  PS- 
341  also  increased  the  levels  of  survivin  in  human  NSCLC  cells 
(Fig.  3 A).  To  the  best  of  our  knowledge,  this  is  the  first  study  showing 


that  PS-341  increases  survivin  expression.  Given  the  antiapoptotic 
property  of  survivin,  it  is  likely  that  survivin  up-regulation,  like  FLIPS 
elevation,  may  counteract  the  apoptosis-inducing  effect  of  PS-341.  It 
has  been  shown  that  the  ubiquitin-proteasome  regulates  survivin 
degradation  (49).  Given  that  other  proteasome  inhibitors  (e.g.,  MG132 
and  epoxomicin)  other  than  PS-341  also  increased  survivin  levels 
(Fig.  3C),  it  is  plausible  to  speculate  that  PS-341  may  stabilize  survivin 
through  inhibition  of  the  proteasome.  Studies  to  evaluate  this 
hypothesis  are  ongoing. 

Our  results  clearly  indicate  that  PS-341  treatment  generates 
conflicting  signals  by  activating  both  proapoptotic  (e.g.,  DR5)  and 
antiapoptotic  signaling  (e.g.,  c-FLIP  and  survivin).  Despite  up- 
regulation  of  c-FLIP  and  survivin,  PS-341  indeed  induced  apoptosis 
and  enhanced  TRAIL-induced  apoptosis  in  human  NSCLC  cells 
albeit  with  various  degrees.  Thus,  it  seems  that  PS-341 -activated 
proapoptotic  signaling,  such  as  DR5  induction,  can  override 
activation  of  antiapoptotic  signaling,  such  as  up-regulation  of 
FLIPS  and  survivin  caused  by  PS-341,  leading  to  induction  of 
apoptosis  and  enhancement  of  TRAIL-induced  apoptosis.  Given 
that  prevention  of  c-FLIP  elevation  during  PS-341  treatment 
sensitized  cells  to  PS-341 -induced  apoptosis,  it  may  be  possible 
to  enhance  the  anticancer  efficacy  of  PS-341  via  combination  with 
other  agents,  which  decrease  c-FLIP  and  survivin  expression. 

It  is  known  that  TRAIL  functions  as  a  DR5  ligand  and  rapidly 
induces  apoptosis  in  a  wide  variety  of  transformed  cells  but  is  not 
cytotoxic  in  normal  cells  in  vitro  and  in  vivo  (1,  2).  Therefore, 
TRAIL  is  considered  to  be  a  tumor-selective,  apoptosis-inducing 
cytokine  and  a  promising  new  candidate  for  cancer  treatment. 
Unfortunately,  certain  cancer  cell  lines  and  tumors  are  resistant  to 
TRAIL-mediated  cell  killing  (2).  In  addition,  agonistic  anti-DR5 
antibodies  can  also  induce  DR5  trimerization,  which  triggers  the 
extrinsic  apoptotic  pathway,  thus  having  great  cancer  therapeutic 
potential  (50).  In  fact,  the  agonistic  anti-DR5  antibody  is  already 
being  tested  in  phase  I  clinical  trials.  Therefore,  PS-341  may  be 
useful  in  combination  with  TRAIL  or  an  agonistic  anti-DR5 


Figure  6.  Silencing  of  c-FLIP  sensitizes 
NSCLC  cells  to  PS-341  treatment.  H460 
and  HI 57  cells  seeded  in  a  96-well  plate  or 
a  24-well  plate  were  transfected  with 
control  or  c-FLIP  siRNA.  Twenty-four  hours 
after  the  transfection,  cells  were  treated 
with  50  nmol/L  PS-341  (in  a  24-well  plate) 
for  24  h  (A  and  C)  or  with  the  given 
concentrations  of  PS-341  for  48  h  ( B ).  The 
cells  were  then  harvested  for  preparation  of 
whole-cell  protein  lysates  and  subsequent 
Western  blot  analysis  to  evaluate  the 
silencing  efficiency  of  c-FLIP  (A)  or 
subjected  to  the  SRB  assay  for  estimation 
of  cell  survival  ( B )  or  sub-G-i  analysis  for 
measurement  of  apoptosis  (C).  Columns, 
mean  of  triplicate  treatments  (£);  bars,  SD. 
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antibody  to  achieve  an  enhanced  effect  on  apoptosis  induction  or 
overcome  TRAIL  resistance  in  human  cancer  cells. 

In  summary,  our  study  has  shown  that  PS-341  induces  DR5 
expression,  which  contributes  to  PS-341 -induced  apoptosis  and 
enhancement  of  TRAIL-induced  apoptosis  in  human  NSCLC  cells 
despite  up-regulation  of  FLIPS  and  survivin.  Our  findings  provide 
novel  insight  into  the  mechanism  by  which  PS-341  induces  apoptosis 
and  enhances  TRAIL-induced  apoptosis  in  human  cancer  cells. 


Acknowledgments 

Received  11/20/2006;  revised  2/5/2007;  accepted  3/14/2007. 

Grant  support:  The  Georgia  Cancer  Coalition  Distinguished  Cancer  Scholar 
award  (S-Y.  Sun)  and  Department  of  Defense  VITAL  grant  W81XWH-04-1-0142 
(S-Y.  Sun  for  Project  4). 

The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the  payment  of  page 
charges.  This  article  must  therefore  be  hereby  marked  advertisement  in  accordance 
with  18  U.S.C.  Section  1734  solely  to  indicate  this  fact. 

We  thank  Dr.  R.  Lotan  and  J.D.  Minna  for  providing  immortalized  normal  bronchial 
epithelial  cell  lines. 


References 

1.  Kelley  SK,  Ashkenazi  A.  Targeting  death  receptors  in 
cancer  with  Apo2L/TRAIL.  Curr  Opin  Pharmacol  2004;4: 
333-9. 

2.  Wang  S,  El-Deiry  WS.  TRAIL  and  apoptosis  induction 
by  TNF-family  death  receptors.  Oncogene  2003;22: 
8628-33. 

3.  Sun  SY.  Chemopreventive  agent-induced  modulation 
of  death  receptors.  Apoptosis  2005;10:1203-10. 

4.  Liu  X,  Yue  P,  Zhou  Z,  Khuri  FR,  Sun  SY.  Death 
receptor  regulation  and  celecoxib-induced  apoptosis 
in  human  lung  cancer  cells.  J  Natl  Cancer  Inst  2004; 
96:1769-80. 

5.  Jin  F,  Liu  X,  Zhou  Z,  et  al.  Activation  of  nuclear 
factor-KB  contributes  to  induction  of  death  receptors 
and  apoptosis  by  the  synthetic  retinoid  CD437  in 
DU145  human  prostate  cancer  cells.  Cancer  Res  2005; 
65:6354-63. 

6.  Zou  W,  Liu  X,  Yue  P,  et  al.  c-Jun  NH2-terminal  kinase- 
mediated  up-regulation  of  death  receptor  5  contributes 
to  induction  of  apoptosis  by  the  novel  synthetic 
triterpenoid  methyl-2-cyano-3,12-dioxooleana-l,  9-dien- 
28-oate  in  human  lung  cancer  cells.  Cancer  Res  2004;64: 
7570-8. 

7.  Nagane  M,  Pan  G,  Weddle  JJ,  et  al.  Increased  death 
receptor  5  expression  by  chemotherapeutic  agents  in 
human  gliomas  causes  synergistic  cytotoxicity  with 
tumor  necrosis  factor-related  apoptosis-inducing  ligand 
in  vitro  and  in  vivo.  Cancer  Res  2000;60:847-53. 

8.  Gibson  SB,  Oyer  R,  Spalding  AC,  Anderson  SM, 
Johnson  GL.  Increased  expression  of  death  receptors  4 
and  5  synergizes  the  apoptosis  response  to  combined 
treatment  with  etoposide  and  TRAIL.  Mol  Cell  Biol  2000; 
20:205-12. 

9.  Kim  H,  Kim  EH,  Eom  YW,  et  al.  Sulforaphane 
sensitizes  tumor  necrosis  factor-related  apoptosis- 
inducing  ligand  (TRAIL)-resistant  hepatoma  cells  to 
TRAIL-induced  apoptosis  through  reactive  oxygen 
species-mediated  up-regulation  of  DR5.  Cancer  Res 
2006;66:1740-50. 

10.  Wajant  H.  Targeting  the  FLICE  inhibitory  protein 
(FLIP)  in  cancer  therapy.  Mol  Interv  2003;3:124-7. 

11.  Krueger  A,  Baumann  S,  Krammer  PH,  Kirchhoff  S. 
FLICE-inhibitory  proteins:  regulators  of  death  receptor- 
mediated  apoptosis.  Mol  Cell  Biol  2001;21:8247-54. 

12.  Green  DR.  Apoptotic  pathways:  paper  wraps  stone 
blunts  scissors.  Cell  2000;102:1-4. 

13.  Altieri  DC.  Validating  survivin  as  a  cancer  therapeu¬ 
tic  target.  Nat  Rev  Cancer  2003;3:46-54. 

14.  Adams  J,  Kauffman  M.  Development  of  the  protea- 
some  inhibitor  Velcade  (bortezomib).  Cancer  Invest 
2004;22:304-11. 

15.  Richardson  PG,  Mitsiades  C,  Hideshima  T,  Anderson 
KC.  Bortezomib:  proteasome  inhibition  as  an  effective 
anticancer  therapy.  Annu  Rev  Med  2006;57:33-47. 

16.  Schenkein  DP.  Preclinical  data  with  bortezomib  in 
lung  cancer.  Clin  Lung  Cancer  2005;7  Suppl  2:S49-55. 

17.  Voorhees  PM,  Orlowski  RZ.  The  proteasome  and 
proteasome  inhibitors  in  cancer  therapy.  Annu  Rev 
Pharmacol  Toxicol  2006;46:189-213. 

18.  An  J,  Sun  Y,  Fisher  M,  Rettig  MB.  Maximal  apoptosis 
of  renal  cell  carcinoma  by  the  proteasome  inhibitor 
bortezomib  is  nuclear  factor-KB  dependent.  Mol  Cancer 
Ther  2004;3:727-36. 


19.  Yin  D,  Zhou  H,  Kumagai  T,  et  al.  Proteasome 
inhibitor  PS-341  causes  cell  growth  arrest  and  apoptosis 
in  human  glioblastoma  multiforme  (GBM).  Oncogene 
2005;24:344-54. 

20.  Yang  Y,  Ikezoe  T,  Saito  T,  et  al.  Proteasome  inhibitor 
PS-341  induces  growth  arrest  and  apoptosis  of  non¬ 
small  cell  lung  cancer  cells  via  the  JNK/c-Jun/AP-1 
signaling.  Cancer  Sci  2004;95:176-80. 

21.  Lauricella  M,  Emanuele  S,  DAnneo  A,  et  al.  JNK  and 
AP-1  mediate  apoptosis  induced  by  bortezomib  in 
HepG2  cells  via  FasL/caspase-8  and  mitochondria- 
dependent  pathways.  Apoptosis  2006;11:607-25. 

22.  Nikrad  M,  Johnson  T,  Puthalalath  H,  et  al.  The 
proteasome  inhibitor  bortezomib  sensitizes  cells  to 
killing  by  death  receptor  ligand  TRAIL  via  BH3- 
only  proteins  Bik  and  Bim.  Mol  Cancer  Ther  2005; 
4:443-9. 

23.  Zhu  H,  Zhang  L,  Dong  F,  et  al.  Bik/NBK  accumulation 
correlates  with  apoptosis-induction  by  bortezomib  (PS- 
341,  Velcade)  and  other  proteasome  inhibitors.  Onco¬ 
gene  2005;24:4993-9. 

24.  Sayers  TJ,  Brooks  AD,  Koh  CY,  et  al.  The  proteasome 
inhibitor  PS-341  sensitizes  neoplastic  cells  to  TRAIL- 
mediated  apoptosis  by  reducing  levels  of  c-FLIP.  Blood 
2003;102:303-10. 

25.  He  Q,  Huang  Y,  Sheikh  MS.  Proteasome  inhibitor 
MG132  upregulates  death  receptor  5  and  cooperates 
with  Apo2L/TRAIL  to  induce  apoptosis  in  Bax-profi¬ 
cient  and  -deficient  cells.  Oncogene  2004;23:2554-8. 

26.  Nencioni  A,  Wille  L,  Dal  Bello  G,  et  al.  Cooperative 
cytotoxicity  of  proteasome  inhibitors  and  tumor  necro¬ 
sis  factor-related  apoptosis-inducing  ligand  in  chemo- 
resistant  Bcl-2-overexpressing  cells.  Clin  Cancer  Res 
2005;11:4259-65. 

27.  Yoshida  T,  Shiraishi  T,  Nakata  S,  et  al.  Proteasome 
inhibitor  MG132  induces  death  receptor  5  through 
CCAAT/enhancer-binding  protein  homologous  protein. 
Cancer  Res  2005;65:5662-7. 

28.  Sun  SY,  Kurie  JM,  Yue  P,  et  al.  Differential  responses 
of  normal,  premalignant,  and  malignant  human  bron¬ 
chial  epithelial  cells  to  receptor- selective  retinoids.  Clin 
Cancer  Res  1999;5:431-7. 

29.  Ramirez  RD,  Sheridan  S,  Girard  L,  et  al.  Immortali¬ 
zation  of  human  bronchial  epithelial  cells  in  the  absence 
of  viral  oncoproteins.  Cancer  Res  2004;64:9027-34. 

30.  Sun  SY,  Yue  P,  Dawson  MI,  et  al.  Differential  effects  of 
synthetic  nuclear  retinoid  receptor- selective  retinoids 
on  the  growth  of  human  non-small  cell  lung  carcinoma 
cells.  Cancer  Res  1997;57:4931-9. 

31.  Sun  SY,  Zhou  Z,  Wang  R,  Fu  H,  Khuri  FR.  The 
farnesyltransferase  inhibitor  Lonafarnib  induces  growth 
arrest  or  apoptosis  of  human  lung  cancer  cells  without 
downregulation  of  Akt.  Cancer  Biol  Ther  2004;3:1092-8; 
discussion  9-101. 

32.  Sun  SY,  Yue  P,  Hong  WK,  Lotan  R.  Induction  of  Fas 
expression  and  augmentation  of  Fas/Fas  ligand-medi¬ 
ated  apoptosis  by  the  synthetic  retinoid  CD437  in 
human  lung  cancer  cells.  Cancer  Res  2000;60:6537-43. 

33.  Longley  DB,  Wilson  TR,  McEwan  M,  et  al.  c-FLIP 
inhibits  chemotherapy-induced  colorectal  cancer  cell 
death.  Oncogene  2006;25:838-48. 

34.  Sun  SY,  Yue  P,  Zhou  JY,  et  al.  Overexpression  of  BCL2 
blocks  TNF-related  apoptosis-inducing  ligand  (TRAIL)- 
induced  apoptosis  in  human  lung  cancer  cells.  Biochem 
Biophys  Res  Commun  2001;280:788-97. 


35.  Harada  H,  Grant  S.  Apoptosis  regulators.  Rev  Clin 
Exp  Hematol  2003;7:117-38. 

36.  Chawla-Sarkar  M,  Bae  SI,  Reu  FJ,  et  al.  Down- 
regulation  of  Bcl-2,  FLIP,  or  LAPs  (XIAP  and  survivin)  by 
siRNAs  sensitizes  resistant  melanoma  cells  to  Apo2L/ 
TRAIL-induced  apoptosis.  Cell  Death  Differ  2004;  11: 
915-23. 

37.  Kabore  AF,  Sun  J,  Hu  X,  et  al.  The  TRAIL  apoptotic 
pathway  mediates  proteasome  inhibitor  induced  apo¬ 
ptosis  in  primary  chronic  lymphocytic  leukemia  cells. 
Apoptosis  2006;11:1175-93. 

38.  Johnson  TR,  Stone  K,  Nikrad  M,  et  al.  The 
proteasome  inhibitor  PS-341  overcomes  TRAIL  resis¬ 
tance  in  Bax  and  caspase  9-negative  or  Bcl-xL  over¬ 
expressing  cells.  Oncogene  2003;22:4953-63. 

39.  Sheikh  MS,  Fornace  AJ,  Jr.  Death  and  decoy  receptors 
and  p53-mediated  apoptosis.  Leukemia  2000;14:1509-13. 

40.  Ling  YH,  Liebes  L,  Jiang  JD,  et  al.  Mechanisms 
of  proteasome  inhibitor  PS-341-induced  G(2)-M- 
phase  arrest  and  apoptosis  in  human  non-small 
cell  lung  cancer  cell  lines.  Clin  Cancer  Res  2003; 
9:1145-54. 

41.  Higuchi  H,  Grambihler  A,  Canbay  A,  Bronk  SF,  Gores 
GJ.  Bile  acids  up-regulate  death  receptor  5/TRAIL- 
receptor  2  expression  via  a  c-Jun  N-terminal  kinase- 
dependent  pathway  involving  Spl.  J  Biol  Chem  2004;279: 
51-60. 

42.  Chen  D,  Chan  R,  Waxman  S,  Jing  Y.  Buthionine 
sulfoximine  enhancement  of  arsenic  trioxide-induced 
apoptosis  in  leukemia  and  lymphoma  cells  is  mediated 
via  activation  of  c-Jun  NH2-terminal  kinase  and 
up-regulation  of  death  receptors.  Cancer  Res  2006;66: 
11416-23. 

43.  Nawrocki  ST,  Carew  JS,  Pino  MS,  et  al.  Bortezomib 
sensitizes  pancreatic  cancer  cells  to  endoplasmic 
reticulum  stress-mediated  apoptosis.  Cancer  Res  2005; 
65:11658-66. 

44.  Fribley  A,  Zeng  Q,  Wang  CY.  Proteasome  inhibitor 
PS-341  induces  apoptosis  through  induction  of  endo¬ 
plasmic  reticulum  stress-reactive  oxygen  species  in  head 
and  neck  squamous  cell  carcinoma  cells.  Mol  Cell  Biol 
2004;24:9695-704. 

45.  Yamaguchi  H,  Wang  HG.  CHOP  is  involved  in 
endoplasmic  reticulum  stress-induced  apoptosis  by 
enhancing  DR5  expression  in  human  carcinoma  cells. 
J  Biol  Chem  2004;279:45495-502. 

46.  Kim  Y,  Suh  N,  Sporn  M,  Reed  JC.  An  inducible 
pathway  for  degradation  of  FLIP  protein  sensitizes 
tumor  cells  to  TRAIL-induced  apoptosis.  J  Biol  Chem 
2002;277:22320-9. 

47.  Poukkula  M,  Kaunisto  A,  Hietakangas  V,  et  al.  Rapid 
turnover  of  c-FLIPshort  is  determined  by  its  unique  C- 
terminal  tail.  J  Biol  Chem  2005;280:27345-55. 

48.  Ganten  TM,  Koschny  R,  Haas  TL,  et  al.  Proteasome 
inhibition  sensitizes  hepatocellular  carcinoma  cells,  but 
not  human  hepatocytes,  to  TRAIL.  Hepatology  2005;42: 
588-97. 

49.  Zhao  J,  Tenev  T,  Martins  LM,  Downward  J,  Lemoine 
NR.  The  ubiquitin-proteasome  pathway  regulates  survi¬ 
vin  degradation  in  a  cell  cycle-dependent  manner.  J  Cell 
Sci  2000;113  Pt  23:4363-71. 

50.  Ichikawa  K,  Liu  W,  Zhao  L,  et  al.  Tumoricidal 
activity  of  a  novel  anti-human  DR5  monoclonal 
antibody  without  hepatocyte  cytotoxicity.  Nat  Med 
2001;7:954-60. 


Cancer  Res  2007;  67:  (10).  May  15,  2007  4988  www.aacrjournals.org 

Downloaded  from  cancerres.aacrjournals.org  on  July  29,  201 1 
Copyright  ©  2007  American  Association  for  Cancer  Research 


D0I:1 0.1 1 58/0008-5472. CAN-06-2471 


Cancer  Research 


MX 


Cellular  FLICE-Inhibitory  Protein  Down-regulation 
Contributes  to  Celecoxib-lnduced  Apoptosis  in  Human  Lung 
Cancer  Cells 

Xiangguo  Liu,  Ping  Yue,  Axel  H.  Schonthal,  et  al. 

Cancer  Res  2006;66:1 1115-11119.  Published  online  December  4,  2006. 


Updated  Version 

Supplementary 

Material 

Access  the  most  recent  version  of  this  article  at: 
doi:1 0.1 1 58/0008-5472. CAN-06-2471 

Access  the  most  recent  supplemental  material  at: 

http://cancerres.aacrjournals.Org/content/suppl/2006/12/01/66.23.1 1 115.DC1.html 

Cited  Articles 

This  article  cites  20  articles,  12  of  which  you  can  access  for  free  at: 
http://cancerres.aacrjournals.Org/content/66/23/1 1 1 1 5.full.html#ref-list-1 

Citing  Articles 

This  article  has  been  cited  by  1 1  HighWire-hosted  articles.  Access  the  articles  at: 
http://cancerres.aacrjournals.Org/content/66/23/1 1 1 1 5.full.html#related-urls 

E-mail  alerts  Sign  up  to  receive  free  email-alerts  related  to  this  article  or  journal. 


Reprints  and 
Subscriptions 

Permissions 


To  order  reprints  of  this  article  or  to  subscribe  to  the  journal,  contact  the  AACR 
Publications  Department  at  pubs@aacr.org. 

To  request  permission  to  re-use  all  or  part  of  this  article,  contact  the  AACR  Publications 
Department  at  permissions@aacr.org. 


Downloaded  from  cancerres.aacrjournals.org  on  July  29,  201 1 
Copyright  ©  2006  American  Association  for  Cancer  Research 


D0I:1 0.1 1 58/0008-5472. CAN-06-2471 


Priority  Report 


Cellular  FLICE-Inhibitory  Protein  Down-regulation  Contributes  to 
Celecoxib-lnduced  Apoptosis  in  Human  Lung  Cancer  Cells 

Xiangguo  Liu,1  Ping  Yue,1  Axel  H.  Schonthal,2  Fadlo  R.  Khuri,1  and  Shi-Yong  Sun1 

department  of  Hematology  and  Oncology,  Winship  Cancer  Institute,  Emory  University  School  of  Medicine,  Atlanta,  Georgia  and 
department  of  Molecular  Microbiology  and  Immunology,  University  of  Southern  California,  Los  Angeles,  California 


Abstract 

The  cyclooxygenase-2  (COX-2)  inhibitor  celecoxib  is  an 
approved  drug  in  the  clinic  for  colon  cancer  chemoprevention 
and  has  been  tested  for  its  chemopreventive  and  therapeutic 
efficacy  in  various  clinical  trials.  Celecoxib  induces  apoptosis 
in  a  variety  of  human  cancer  cells  including  lung  cancer  cells. 
Our  previous  work  has  shown  that  celecoxib  induces  death 
receptor  5  expression,  resulting  in  induction  of  apoptosis  and 
enhancement  of  tumor  necrosis  factor-related  apoptosis- 
inducing  ligand  (TRAIL)-induced  apoptosis  in  human  lung 
cancer  cells.  In  the  current  study,  we  further  show  that 
celecoxib  down-regulated  the  expression  of  cellular  FLICE- 
inhibitory  protein  (c-FLIP),  a  major  negative  regulator  of 
the  death  receptor-mediated  extrinsic  apoptotic  pathway, 
through  a  ubiquitin/proteasome-dependent  mechanism  in¬ 
dependent  of  COX-2  in  human  lung  cancer  cells.  Over¬ 
expression  of  c-FLIP,  particularly  FLIPl,  inhibited  not  only 
celecoxib-induced  apoptosis  but  also  apoptosis  induced  by 
the  combination  of  celecoxib  and  TRAIL.  These  results  thus 
indicate  that  c-FLIP  down-regulation  also  contributes  to 
celecoxib-induced  apoptosis  and  enhancement  of  TRAIL- 
induced  apoptosis,  which  complements  our  previous  finding 
that  the  extrinsic  apoptotic  pathway  plays  a  critical  role  in 
celecoxib-induced  apoptosis  in  human  lung  cancer  cells. 
Collectively,  we  conclude  that  celecoxib  induces  apoptosis  in 
human  lung  cancer  cells  through  activation  of  the  extrinsic 
apoptotic  pathway,  primarily  by  induction  of  death  receptor  5 
and  down-regulation  of  c-FLIP.  (Cancer  Res  2006;  66(23):  11115-9) 

Introduction 

Celecoxib,  a  marketed  anti-inflammatory  and  anti-pain  drug, 
is  being  tested  in  clinical  trials  for  its  chemopreventive  and 
therapeutic  effects  against  a  broad  spectrum  of  epithelial 
malignancies,  including  lung  cancers,  either  as  a  single  agent  or 
in  combination  with  other  agents.  The  antitumor  activity  of 
celecoxib  is  thought  to  be  associated  with  its  ability  to  induce 
apoptosis  in  a  variety  of  cancer  cells  (1).  The  molecular  mechanism 
underlying  celecoxib-mediated  apoptosis  remains  largely  unchar¬ 
acterized,  although  it  seems  to  be  associated  with  inactivation 
of  Akt,  induction  of  endoplasmic  reticulum  stress  involving  up- 
regulation  of  CCAAT/enhancer-binding  protein-homologous  protein 
(CHOP)/GADD153  and  increase  in  Ca2+  levels,  or  down-regulation 
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of  the  antiapoptotic  protein  survivin  (2).  There  are  two  major 
apoptotic  pathways:  the  extrinsic  death  receptor-mediated  path¬ 
way  and  the  intrinsic  mitochondria-mediated  pathway,  with 
truncated  Bid  protein  accounting  for  the  cross-talk  between  the 
two  pathways  (3).  Our  previous  results  have  shown  that  celecoxib 
induces  apoptosis  in  non-small-cell  lung  cancer  cell  lines  primarily 
through  the  activation  of  the  extrinsic  death  receptor  pathway  (4). 

The  cellular  FLICE-inhibitory  protein  (c-FLIP)  plays  a  key  role 
in  negatively  regulating  the  extrinsic  apoptotic  pathway  through 
inhibition  of  caspase-8  activation  (5).  c-FLIP  has  multiple  splice 
variants,  and  two  main  forms  have  been  well  characterized:  c-FLIP 
short  form  (c-FLIPs)  and  long  form  (c-FLIPl;  ref.  5).  It  has  been  well 
documented  that  elevated  c-FLIP  expression  protects  cells  from 
death  receptor-mediated  apoptosis,  whereas  down-regulation  of 
c-FLIP  by  chemicals  or  small  interfering  RNA  (siRNA)  sensitizes 
cells  to  death  receptor-mediated  apoptosis  (5).  Moreover,  over¬ 
expression  of  c-FLIP  also  protects  cells  from  apoptosis  induced  by 
cancer  therapeutic  agents  such  as  etoposide  and  cisplatin  (6-8).  In 
the  present  study,  we  show  for  the  first  time  that  celecoxib,  in 
addition  to  up-regulating  death  receptor  5,  down-regulates  c-FLIP 
expression,  which  contributes  to  celecoxib-induced  apoptosis  in 
non-small-cell  lung  cancer  cells.  This  further  confirms  and 
expands  our  previous  finding  that  celecoxib  induces  apoptosis  in 
non-small-cell  lung  cancer  cell  lines  primarily  through  the 
activation  of  the  extrinsic  death  receptor  pathway  (4). 

Materials  and  Methods 

Reagents.  Celecoxib,  other  nonsteroidal  anti-inflammatory  drugs,  and 
antibodies  against  caspases  were  the  same  as  previously  described  (4).  2,5- 
Dimethyl-celecoxib  was  synthesized  as  previously  described  (9).  Human 
recombinant  tumor  necrosis  factor- related  apoptosis-inducing  ligand 
(TRAIL)  was  purchased  from  PeproTech,  Inc.  (Rocky  Hill,  NJ).  Mouse 
monoclonal  anti-FLIP  antibody  (NF6)  was  purchased  from  Alexis  Bio¬ 
chemicals  (San  Diego,  CA).  MG132  and  SP600125  were  purchased  from 
Sigma  Chemicals  (St.  Louis,  MO)  and  Biomol  (Plymouth  Meeting,  PA), 
respectively. 

Cell  lines  and  cell  culture.  The  human  non-small-cell  lung  cancer  cell 
lines  used  in  this  study  were  purchased  from  the  American  Type  Culture 
Collection  (Manassas,  VA)  and  cultured  as  previously  described  (4).  H157-V 
and  HI 57- AS  cell  lines,  in  which  retroviral  vector  and  antisense  cyclo- 
oxygenase-2  (COX-2)  were  stably  transfected,  respectively  (10),  were  kindly 
provided  by  Dr.  S.M.  Dubinett. 

Western  blot  analysis.  Preparation  of  whole-cell  protein  lysates  and  the 
procedures  for  the  Western  blotting  were  previously  described  (4). 

Immunoprecipitation.  A549-FLIPL-2  cells,  which  stably  express  FLIPL, 
were  transfected  with  hemagglutinin-ubiquitin  plasmid  using  FuGENE  6 
transfection  reagent  (Roche  Diagnostics  Corp.,  Indianapolis,  IN)  following 
the  manufacturer’s  instruction.  After  24  hours,  the  cells  were  treated  with 
celecoxib  or  MG  132  plus  celecoxib  for  4  hours  and  then  were  lysed  for 
immunoprecipitation  of  Flag-FLIPL  with  Flag  M2  monoclonal  antibody 
(Sigma  Chemicals)  as  previously  described  (11),  followed  by  the  detection  of 
ubiquitinated  FLIPL  by  Western  blotting  with  antihemagglutinin  antibody 
(Abgent,  San  Diego,  CA). 
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Silencing  of  COX-2  expression  with  siRNA.  Stealth  COX-2  siRNA  that 
targets  the  sequence  5'-GCAGGCAGATGAAATACCAGTCTTT-3'  and  Stealth 
control  siRNA  (12)  were  synthesized  by  Invitrogen  (Carlsbad,  CA).  The 
transfection  of  siRNA  was  conducted  as  previously  described  (12). 

Generation  of  lentiviral  c-FLIP  expression  constructs  and  estab¬ 
lishment  of  stable  lines  that  overexpress  c-FLIP.  c-FLIPl  and  c-FLIPs 
coding  regions  were  amplified  by  PCR  using  plasmids  containing  full-length 
cDNAs  of  FLIPl  and  FLIPS,  respectively,  which  were  provided  by  Dr.  J. 
Tschopp.  The  amplified  fragments  were  then  ligated  into  the  pT-easy  vector 
(Promega,  Madison,  WI)  following  the  manufacturer’s  protocol  as  pT- 
easy-FLIPL  and  pT-easy-FLIPs,  respectively,  using  the  following  primers: 
FLIPl  sense,  5'-GACTAGTGCCGCCACCATGGATTACAAAGACGATGACG-3'; 
FLIPl  antisense,  5'-CGGGCCCTTATGTGTAGGAGAGGATAAGTTTC-3'; 
FLIPS  sense,  5'-GACTAGTGCCGCCACCATGTCTGCTGAAGTCATCCAT- 
CAGG-3';  and  FLIPS  antisense,  5'-CGGGCCCTCACATGGAACAATTTC- 
CAAG-3  .  Both  pLenti-DcRl  (a  lentiviral  vector  harboring  the  DcRl  gene, 
which  was  constructed  using  the  pLenti6/V5  Directional  TOPO  Cloning 
kit  purchased  from  Invitrogen)  and  pT-easy-FLIPL  or  pT-easy-FLIPs  were  cut 
with  Spel  and  Apal  restriction  enzymes.  The  released  fragment  containing 
c-FLIPl  or  c-FLIP s  gene  was  then  cloned  into  the  digested  pLenti6/V5  vector 
and  the  resultant  constructs  were  named  pLenti-Flag-FLIPL  and  pLenti- 
FLIPS,  respectively.  In  this  study,  we  used  pLenti-LacZ  as  a  vector  control, 
which  was  included  in  the  pLenti6/V5  Directional  TOPO  Cloning  kit. 

Lentiviral  production  and  titer  determination  were  previously  described 
(12).  For  infection,  the  viruses  were  added  to  the  cells  at  a  multiplicity  of 
infection  of  10  with  10  pg/mL  polybrene.  For  transient  expression,  cells  were 
infected  and  then  subjected  to  initial  selection  with  50  pg/mL  blasticidin 
beginning  at  24  hours  after  infection.  Five  days  later,  the  cells  were  used  for 
the  given  experiments.  For  stable  expression,  cell  clones  were  picked  after  a 
2-week  selection  with  50  pg/mL  blasticidin  postinfection  and  screened  for 
FLIP  expression  by  Western  blotting  with  c-FLIP  antibody.  The  clones  with 
the  highest  levels  of  FLIP  expression  were  used  in  the  experiment. 

Detection  of  apoptosis.  Apoptosis  was  evaluated  by  Annexin  V  staining 
using  Annexin  V-PE  apoptosis  detection  kit  purchased  from  BD  Biosciences 
(San  Jose,  CA)  following  the  manufacturer’s  instructions.  We  also  detected 
caspase  activation  by  Western  blotting  (as  described  above)  as  an  additional 
indicator  of  apoptosis. 

Results  and  Discussion 

Because  c-FLIP  levels  are  modulated  by  many  cancer  therapeutic 
agents,  we  were  interested  in  determining  whether  celecoxib  altered 


c-FLIP  expression  levels.  Thus,  we  treated  several  non-small-cell 
lung  cancer  cell  lines  with  increasing  concentrations  of  celecoxib 
and  then  assessed  c-FLIP  levels.  As  presented  in  Fig.  L4,  the 
expression  levels  of  both  FLIPl  and  FLIPS  in  these  cell  lines  were 
reduced  by  celecoxib  in  a  concentration-dependent  manner  after  a 
16-hour  incubation.  We  noted  that  FLIPS  levels  were  decreased  after 
treatment  with  10  pmol/L  celecoxib,  whereas  FLIPl  levels  were 
reduced  by  relatively  high  concentrations  of  celecoxib  (e.g., 
>25  pmol/L),  suggesting  that  FLIPS  is  somewhat  more  sensitive 
to  modulation  by  celecoxib  than  FLIPl.  The  down-regulation  of 
both  FLIPl  and  FLIPS  occurred  as  early  as  3  hours  and  was 
sustained  up  to  48  hours  after  celecoxib  treatment  (Fig.  IB).  We 
noted  that  the  reduction  of  c-FLIP,  particularly  FLIPl,  at  the  late 
time  points  (e.g.,  24  and  48  hours)  was  not  as  strong  as  that  at  the 
early  time  points  (e.g.,  3  and  6  hours).  Nevertheless,  these  results 
clearly  indicate  that  celecoxib  down-regulates  c-FLIP  expression  in 
human  non-small-cell  lung  cancer  cells,  which  represents  an  early 
event  during  celecoxib-induced  apoptosis.  We  next  determined 
whether  other  nonsteroidal  anti-inflammatory  drugs,  including 
SC58125,  NS-398,  sulindac  sulfide,  and  Dup697,  down-regulated 
c-FLIP  expression.  As  presented  in  Fig.  1C,  these  agents,  particularly 
at  75  pmol/L,  decreased  the  levels  of  both  FLIPl  and  FLIPS, 
albeit  with  weaker  activity  than  celecoxib,  which,  at  50  pmol/L, 
effectively  reduced  c-FLIP  levels.  Thus,  we  conclude  that  other 
COX-2  inhibitors  down-regulate  c-FLIP  expression  as  well. 

c-FLIP  is  known  to  be  regulated  by  a  ubiquitin-proteasome 
mechanism  (13,  14),  and  certain  cancer  therapeutic  agents 
stimulate  down-regulation  of  c-FLIP  expression  through  this 
mechanism  (13).  To  determine  whether  celecoxib  induces  protea- 
some-mediated  c-FLIP  degradation,  we  examined  the  effects  of 
celecoxib  on  c-FLIP  expression  in  the  absence  and  presence  of  the 
proteasome  inhibitor  MG132  in  A549  cells.  As  shown  in  Fig.  2 A, 
MG132  at  concentrations  of  >10  pmol/L  abrogated  the  ability  of 
celecoxib  to  reduce  both  FLIPl  and  FLIPS,  suggesting  that  celecoxib 
down-regulates  c-FLIP  through  proteasome-mediated  protein 
degradation.  We  also  noted  that  MG  132  alone  did  not  increase 
the  levels  of  FLIPl  but  strikingly  increased  the  levels  of  FLIPS, 
suggesting  that  FLIPS  is  more  prone  to  proteasome-mediated 
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Figure  1.  Down-regulation  of  c-FLIP 
expression  by  celecoxib  ( A  and  B)  and 
other  nonsteroidal  anti-inflammatory  drugs 
(C)  in  human  non-small-cell  lung  cancer 
cells.  A,  the  indicated  cell  lines  were 
treated  with  the  given  concentrations  of 
celecoxib  {CCB)  for  16  hours.  B,  HI 57 
cells  were  treated  with  50  nmol/L  celecoxib 
for  the  indicated  times.  C,  HI 57  cells  were 
treated  with  the  given  concentrations  of  the 
indicated  nonsteroidal  anti-inflammatory 
drugs  for  7  hours.  Whole-cell  protein 
lysates  were  prepared  from  the 
aforementioned  treatments  for  detection 
of  the  given  proteins  using  Western 
blot  analysis,  with  actin  serving  as  a 
loading  control. 
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Figure  2.  Celecoxib  down-regulates 
c-FLIP  through  ubiquitin/proteasome- 
mediated  protein  degradation  (A  and  B) 
independent  of  COX-2  (C  and  D).  A,  A549 
cells  were  pretreated  with  the  indicated 
concentrations  of  MG132  for  30  minutes 
and  then  cotreated  with  50  ^imol/L 
celecoxib  (CCB)  for  another  4  hours. 

B,  A549-FLIPl-2  cells  were  transfected 
with  hemagglutinin-ubiquitin  plasmid 
using  FuGENE  6  transfection  reagent  for 
24  hours.  The  cells  were  then  pretreated 
with  20  |amol/L  MG132  for  30  minutes 
and  then  cotreated  with  50  |amol/L  celecoxib 
for  4  hours.  C,  H157-V  (vector-control)  and 
H157-AS  (antisense  COX-2)  paired 
cell  lines  were  treated  with  the  given 
concentrations  of  celecoxib  for  16  hours. 

D,  A549  cells  were  transfected  with  control 
(Ctrl)  or  COX-2  siRNA  for  48  hours 
and  then  treated  with  50  ^imol/L 
celecoxib  for  16  hours.  Whole-cell  protein 
lysates  were  then  prepared  from  the 
aforementioned  treatments  for  detection  of 
the  given  proteins  by  Western  blot  analysis 
(A,  C,  and  D),  with  actin  serving  as  the 
loading  control,  or  immunoprecipitation  (IP) 
with  antihemagglutinin  antibody  followed  by 
Western  blotting  (WB)  for  detection  of 
ubiquitinated  FLIPl  (Ub-FLIPLm,  B). 


degradation,  which  is  consistent  to  the  recent  findings  by 
Poukkula  et  al.  (14).  Moreover,  we  examined  the  effects  of 
celecoxib  on  overall  proteasome  activity  and  c-FLIP  ubiquitina- 
tion.  Celecoxib  did  not  increase  proteasome  activity  (data  not 
shown).  However,  it  increased  the  levels  of  ubiquitinated  c-FLIP, 
particularly  in  the  presence  of  MG  132  (Fig.  2 B),  indicating  that 
celecoxib  increases  c-FLIP  ubiquitination.  Collectively,  we  suggest 
that  celecoxib  down-regulates  c-FLIP  levels  through  a  ubiquitin- 
proteasome  mechanism. 

A  recent  study  has  shown  that  c-jun  NH2-terminal  kinase  (JNK) 
activation  modulates  FLIPl  degradation  (15).  We  then  determined 
whether  celecoxib  down-regulates  c-FLIP  through  a  JNK-dependent 
mechanism.  Celecoxib  indeed  increased  the  levels  of  phosphory- 
lated  c-Jun  (p-c-Jun),  an  indicator  of  JNK  activation,  and  decreased 
the  levels  of  both  FLIPl  and  FLIPS.  The  JNK  inhibitor  SP600125  at 
concentrations  up  to  30  pmol/L  abrogated  celecoxib-induced  c-Jun 
phosphorylation,  but  failed  to  block  down-regulation  of  either 
FLIPl  or  FTIPS  by  celecoxib  (Supplementary  Fig.  SI).  Considering 
these  findings  and  the  fact  that  JNK  does  not  modulate  FLIPS 
turnover  (15)  whereas  celecoxib  down-regulates  the  levels  of  both 
FLIPl  and  FLIPS  (Fig.  1),  we  conclude  that  celecoxib  induces  a 
JNK-independent  degradation  of  c-FLIP. 

It  is  well  known  that  celecoxib  is  a  specific  COX-2  inhibitor. 
However,  many  studies  show  that  celecoxib  induces  apoptosis 
independent  of  COX-2  inhibitory  activity  (2).  To  determine  whether 
celecoxib  decreases  c-FLIP  levels  through  its  COX-2  inhibitory 
activity,  we  compared  the  modulatory  effects  of  celecoxib  on 
c-FLIP  between  HI 57  cells  stably  transfected  with  a  retroviral 
vector  harboring  antisense  COX-2  (H157-AS)  and  vector  control 
cells  (H157-V).  As  shown  in  Fig.  2C,  the  basal  levels  of  COX-2  in 
H157  cell  were  reduced  compared  with  H157-V  cells.  Interestingly, 
we  found  that  celecoxib,  albeit  a  COX-2  inhibitor,  actually  increased 
COX-2  protein  levels  in  a  concentration-dependent  manner  in 
H157-V  cells;  this  effect  was  abolished  in  H157-AS  cells.  Together, 
these  results  validate  the  cell  system  in  which  COX-2  expression  is 
inhibited  due  to  the  expression  of  antisense  COX-2.  In  both  cell 
lines,  celecoxib  still  effectively  reduced  levels  of  FLIPl  and  FLIPS, 


indicating  that  celecoxib  modulates  c-FLIP  levels  regardless  of  the 
presence  of  COX-2.  Some  nonsteroidal  anti-inflammatory  drugs 
were  reported  to  induce  COX-2  expression  (16,  17).  However,  the 
inducing  effect  of  celecoxib  on  COX-2  expression  has  not  been 
reported.  Currently,  it  is  unclear  what  the  implications  of  COX-2 
induction  are  in  celecoxib-mediated  anticancer  activity. 

Moreover,  we  used  siRNA  to  knockdown  COX-2  expression  in 
A549  cells  and  then  examined  its  effect  on  celecoxib-induced 
c-FLIP  down-regulation.  Transfection  of  COX-2  siRNA  inhibited  not 
only  the  basal  levels  of  COX-2  but  also  celecoxib-mediated  COX-2 
induction.  However,  it  did  not  alter  the  effect  of  celecoxib  on 
reduction  of  c-FLIP  (Fig.  2D),  furthering  the  notion  that  celecoxib 
down-regulates  c-FLIP  expression  levels  irrespective  of  COX-2 
expression.  In  addition,  we  examined  the  effect  of  2,5-dimethyl- 
celecoxib,  a  derivative  of  celecoxib  completely  lacking  COX-2 
inhibitory  activity  (9),  on  c-FLIP  expression  and  found  that  2,5- 
dimethyl-celecoxib  still  decreased  c-FLIP  levels,  albeit  with  more 
potency  than  celecoxib  (Supplementary  Fig.  S2).  This  result  again 
suggests  that  celecoxib  reduces  c-FLIP  levels  independent  of  its 
COX-2-inhibitory  activity.  Collectively,  we  conclude  that  celecoxib 
down-regulates  c-FLIP  expression  independent  of  COX-2. 

To  determine  the  involvement  of  c-FLIP  down-regulation  in 
celecoxib-induced  apoptosis,  we  used  a  lentiviral  expression  system 
to  enforce  expression  of  c-FLIP  in  non-small-cell  lung  cancer 
cell  lines  and  then  analyzed  its  effect  on  celecoxib-induced  caspase 
activation  and  apoptosis.  Taking  advantage  of  a  lentiviral  ex¬ 
pression  system  that  can  achieve  both  transient  and  stable  gene 
expression,  we  first  transiently  expressed  FLIPl  or  FLIPS  in  H1792 
cells.  By  Western  blotting,  we  could  detect  high  levels  of  ectopic 
FLIPl  or  FTIPS  (Fig.  3 A).  Celecoxib  induced  cleavage  of  caspase-8, 
caspase-3,  and  poly(ADP-ribose)  polymerase  in  lacZ-infected 
control  cells,  evidenced  by  the  decrease  in  the  levels  of  their  pro¬ 
forms  and  the  increase  in  the  amounts  of  their  cleaved  bands. 
However,  these  effects  were  inhibited  or  diminished  in  cells 
infected  with  c-FLIP,  particularly  FLIPl  (Fig.  3 A).  Consistently,  we 
detected  34%  apoptotic  cells  in  lacZ-infected  cells,  but  only  17% 
and  26%  apoptosis  in  cells  infected  with  FLIPl  and  FLIPS, 
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Figure  3.  Both  transient  (A  and  B )  and  stable  (C  and  D)  overexpression  of 
exogenous  c-FLIP  protect  cells  from  celecoxib-induced  caspase  activation 
(A  and  C)  and  apoptosis  ( B  and  D)  in  human  lung  cancer  cell  lines.  A  and  B, 
HI 792  cells  were  infected  with  lentiviruses  carrying  lacZ,  FLIPl,  and  FLIPS.  After 
a  brief  selection  with  blasticidin  for  5  days,  the  cells  were  treated  with  DMSO 
or  50  |amol/L  celecoxib  (CCB).  Twenty-four  hours  later,  the  cells  were  subjected 
to  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot 
analysis  for  detection  of  caspase  activation  (A)  or  harvested  for  detection  of 
apoptosis  by  Annexin  V  staining-flow  cytometry  ( B ).  C  and  D,  HI 57  stable 
transfectants  expressing  lacZ,  FLIPl,  and  FLIPS  were  treated  with  DMSO 
or  50  |amol/L  celecoxib.  Twenty-four  hours  later,  the  cells  were  subjected  to 
preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis 
for  detection  of  caspase  activation  (C)  or  harvested  for  detection  of  apoptosis 
by  Annexin  V  staining-flow  cytometry  (D).  CFs,  cleaved  forms.  Note  that 
the  endogenous  levels  of  FLIPl  and  FLIPS  proteins  are  not  visible  in  these 
Western  blots  due  to  the  short  exposure  times  required  to  visualize  the  highly 
overexpressed  exogenous  forms  of  these  proteins.  In  the  Annexin  V  staining 
assay,  the  percent  positive  cells  in  the  top  right  and  bottom  right  quadrants 
were  added  to  yield  the  total  of  apoptotic  cells. 


respectively,  by  Annexin  V  staining  (Fig.  3 B).  Thus,  these  results 
show  partial  protective  effects  of  c-FLIP,  particularly  FLIPl,  on 
celecoxib-induced  apoptosis. 

Following  this  study,  we  further  established  stable  cell  lines  from 
HI 57  cells  that  expressed  ectopic  FLIPl  or  FLIPS  and  examined 
their  responses  to  celecoxib-induced  apoptosis.  By  Western  blot 
analysis,  we  detected  the  expression  of  ectopic  FLIPl  and  FLIPS 
in  H157-FLIPl-6  and  H157-FLIPS-1  transfectants,  respectively 
(Fig.  3 C),  indicating  the  successful  expression  of  ectopic  FLIPl  or 
FLIPS  in  H157  cells.  Celecoxib  treatment  strongly  increased 
amounts  of  cleaved  forms  of  caspase-8,  caspase-9,  caspase-3,  and 


poly(ADP-ribose)  polymerase  in  the  control  H157-lacZ-5  cells; 
however,  these  effects  were  abrogated  or  diminished  in  either 
H157-FLIPl-6  or  H157-FLIPS-1  cells.  Accordingly,  celecoxib  caused 
25.6%  apoptosis  in  H157-lacZ-5  cells,  but  only  7.9%  and  13.5% 
apoptosis  in  H157-FLIPl-6  and  H157-FLIPS-1  transfectants,  respec¬ 
tively  (Fig.  3D).  These  results  thus  indicate  that  stable  over¬ 
expression  of  c-FLIP,  particularly,  FLIPl,  protects  cells  from 
celecoxib-induced  apoptosis.  Taken  together,  we  conclude  that 
down-regulation  of  c-FLIP  contributes  to  celecoxib-induced 
apoptosis.  Because  c-FLIP  is  a  key  regulatory  protein  that  inhibits 
death  receptor-mediated  apoptosis  (5),  these  findings  further 
support  our  notion  that  the  extrinsic  apoptotic  pathway  plays  a 
important  role  in  celecoxib-induced  apoptosis,  at  least  in  human 
non-small-cell  lung  cancer  cells  as  previously  shown  (4).  In 
agreement  with  our  finding,  a  recent  study  has  shown  that 
celecoxib  activates  the  death  receptor-mediated  apoptosis  in 
hepatocellular  carcinoma  cells  (18). 

We  previously  reported  that  celecoxib  in  combination  with 
TRAIL  augmented  the  induction  of  apoptosis  in  human  non-small- 
cell  lung  cancer  cells  (4).  To  determine  whether  down-regulation  of 
c-FLIP  also  contributes  to  synergy  between  celecoxib  and  TRAIL  on 
apoptosis  induction,  we  examined  the  effects  of  enforced  over¬ 
expression  of  c-FLIP  on  celecoxib-mediated  enhancement  of 
TRAIL-induced  apoptosis  in  two  non- small-cell  lung  cancer  cell 
lines.  To  this  end,  we  further  established  H460  transfectants  that 
overexpressed  ectopic  FLIPl  and  FLIPS  (Fig.  4 A),  in  addition  to  the 
aforementioned  HI 57  cells.  In  the  two  tested  cell  lines  (i.e.,  HI 57 
and  H460),  the  combination  of  celecoxib  and  TRAIL  induced 
more  than  additive  effects  on  induction  of  apoptosis  compared 
with  each  single  agent  in  lacZ-infected  control  cells  evaluated  by 
Annexin  V  staining;  however,  these  effects  were  either  abrogated  or 
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Figure  4.  Overexpression  of  exogenous  c-FLIP  protects  cells  from  induction  of 
apoptosis  by  the  combination  of  celecoxib  (CCB)  and  TRAIL  in  H460  {A  and  B) 
and  HI 57  (C)  human  lung  cancer  cell  lines.  A  and  B,  the  indicated  H460  stable 
transfectants  were  treated  with  DMSO,  50  |amol/L  celecoxib  alone,  3  ng/mL 
TRAIL  alone,  or  celecoxib  and  TRAIL  combination  for  24  hours  (£).  The 
expression  of  ectopic  FLIPl  and  FLIPS  was  detected  by  Western  blot  analysis 
(A).  C,  the  indicated  HI 57  stable  transfectants  expressing  lacZ,  FLIPl,  and 
FLIPS,  as  shown  in  Fig.  3,  were  treated  with  DMSO,  50  |amol/L  celecoxib  alone, 
4  ng/mL  TRAIL  alone,  or  celecoxib  and  TRAIL  combination  for  24  hours.  At  the 
end  of  the  aforementioned  treatments  (B  and  C),  the  cells  were  harvested  for 
detection  of  apoptosis  by  Annexin  V  staining-flow  cytometry. 
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inhibited  in  cells  overexpressing  c-FLIP,  particularly  FLIPl  (Fig.  4 B 
and  C).  For  example,  the  combination  of  celecoxib  and  TRAIL 
caused  ~  58%  apoptosis  in  H157-lacZ-5  cells,  but  only  13% 
apoptosis  in  H157-FLIPl-6  cells  and  17%  apoptosis  in  H157- 
FLIPS-1  cells  (Fig.  4 C).  Thus,  these  results  collectively  show  that 
down-regulation  of  c-FLIP  also  contributes  to  celecoxib-mediated 
enhancement  of  TRAIL-induced  apoptosis. 

We  noted  that  the  concentrations  (>10  pmol/L)  required  for 
celecoxib  to  down-regulate  c-FLIP  are  higher  than  clinically 
achievable  peak  plasma  concentrations  (3.2-5.6  pmol/L)  of 
celecoxib  in  humans  after  oral  administration  of  a  single  dose  of 
800  mg  (19).  Given  that  celecoxib  has  been  developed  and 
marketed  mainly  for  treatment  of  arthritis  and  pain,  but  not 
primarily  for  anticancer  purposes,  it  is  conceivable  that  this  drug 
might  be  suboptimal  for  inclusion  in  the  therapy  of  advanced 
cancers,  such  as  non- small-cell  lung  cancer  cells.  In  this  regard,  it 
might  be  beneficial  to  consider  streamlined  celecoxib  derivatives 
that  are  optimized  for  anticancer  applications,  and  some  promising 
efforts  have  indeed  been  made  in  this  direction.  Certain  novel  non- 
COX-2  inhibitory  celecoxib  derivatives  show  better  activity  than 
celecoxib  in  inducing  apoptosis  and  inhibiting  the  growth  of 
tumors  (9,  20),  further  emphasizing  the  need  to  explore  and 
understand  the  underlying  molecular  mechanisms  by  which  these 
drugs  exert  their  proapoptotic,  antitumor  potential.  In  this  regard, 
our  finding  that  celecoxib  and  its  COX-2-inactive  derivative  2,5- 
dimethyl-celecoxib  down-regulate  c-FLIP  provides  a  novel  aspect 
of  this  process  and  is  important  for  understanding  the  molecular 
mechanisms  by  which  these  drugs  induce  apoptosis.  We  noted  that 
2,5-dimethyl-celecoxib,  which  is  more  potent  than  celecoxib  in 
down-regulating  c-FLIP,  was  also  more  potent  than  celecoxib  in 


decreasing  cell  survival  and  inducing  apoptosis  in  human  non¬ 
small-cell  lung  cancer  cells,3  suggesting  that  there  is  a  inverse 
relationship  between  down-regulation  of  c-FLIP  and  induction  of 
apoptosis  by  celecoxib  and  its  derivatives.  Therefore,  we  may 
consider  modulation  of  c-FLIP  as  a  screening  tool  for  the 
development  of  novel  celecoxib  derivatives  with  better  anticancer 
efficacy. 

In  conclusion,  the  present  study  shows  for  the  first  time  that 
celecoxib  down-regulates  c-FLIP  expression  in  human  non¬ 
small-cell  lung  cancer  cells;  this  down-regulation  accounts  for 
celecoxib-mediated  induction  of  apoptosis  and  enhancement  of 
TRAIL-induced  apoptosis.  These  results  complement  our  previous 
finding  that  the  death  receptor-mediated  extrinsic  apoptotic 
pathway  plays  a  critical  role  in  celecoxib-induced  apoptosis  in 
human  lung  cancer  cells. 
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Death  Receptor  Regulation  and  Celecoxib-Induced 
Apoptosis  in  Human  Lung  Cancer  Cells 

Xiang guo  Liu,  Ping  Yue,  Zhongmei  Zhou,  Fadlo  R.  Khuri,  Shi-Yong  Sun 


Background:  Celecoxib,  a  cyclooxygenase  2  inhibitor,  has 
chemopreventive  and  therapeutic  activities  toward  lung  can¬ 
cer  and  other  epithelial  malignancies.  Celecoxib  can  induce 
apoptosis  in  various  cancer  cell  lines  through  a  mechanism 
that  is  independent  of  its  cyclooxygenase  2  inhibitory  activity 
but  is  otherwise  largely  uncharacterized.  We  investigated  the 
mechanism  of  celecoxib-induced  apoptosis  further.  Methods: 
All  experiments  were  conducted  in  human  non-small-cell 
lung  carcinoma  (NSCLC)  cell  lines;  results  in  celecoxib- 
treated  and  untreated  cells  were  compared.  Cell  survival  was 
assessed  with  a  sulforhodamine  B  assay.  Apoptosis  was  as¬ 
sessed  by  DNA  fragmentation  with  an  enzyme-linked  immu¬ 
nosorbent  assay,  by  terminal  deoxynucleotidyltransferase- 
mediated  dUTP  nick-end-labeling  (TUNEL)  assay,  and  by 
western  blot  analysis  of  caspase  activation.  Death  receptor 
gene  and  protein  expression  was  detected  by  northern  and 
western  blot  analysis,  respectively.  Gene  silencing  was 
achieved  with  small  interfering  RNA  (siRNA)  technology. 
Results:  Celecoxib  treatment  decreased  cell  survival,  acti¬ 
vated  caspase  cascades,  and  increased  DNA  fragmentation, 
all  of  which  were  abrogated  when  caspase  8  expression  was 
silenced  with  caspase  8  siRNA.  Celecoxib  treatment  induced 
the  expression  of  death  receptors,  particularly  that  of  DR5. 
Overexpression  of  a  dominant  negative  Fas-associated  death 


domain  mutant,  but  not  of  BCL2,  reduced  the  level  of 
celecoxib-induced  apoptosis,  and  silencing  of  DR5  expression 
by  DR5  siRNA  suppressed  celecoxib-induced  caspase  8  ac¬ 
tivation  and  apoptosis.  Combination  treatment  with  cele¬ 
coxib  and  tumor  necrosis  factor-related  apoptosis-inducing 
ligand  (TRAIL)  induced  additional  apoptosis.  For  example, 
survival  of  A549  cells  was  decreased  with  50  pM  celecoxib 
alone  by  38.7%  (95%  confidence  interval  [Cl]  =  35.2%  to 
42.2%),  with  TRAIL  alone  by  29.3%  (95%  Cl  =  25.1%  to 
33.6%),  but  with  their  combination  by  77.5%  (95%  Cl  = 
74.5%  to  79.5%),  a  greater  than  additive  effect.  Conclusion: 
Celecoxib  appears  to  induce  apoptosis  in  human  NSCLC 
through  the  extrinsic  death  receptor  pathway.  [J  Natl  Can¬ 
cer  Inst  2004;96:1769-80] 
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Celecoxib  was  the  first  cyclooxygenase  2-selective  nonste¬ 
roidal  anti-inflammatory  drug  (NS AID)  approved  for  the  treat¬ 
ment  of  adult  arthritis.  Celecoxib  exerts  potent  chemopreventive 
activity  in  chemical  carcinogen-induced  colon,  bladder,  and 
breast  carcinogenesis  (1-4)  and  UV-induced  skin  carcinogene¬ 
sis  (5,6).  Celecoxib  also  effectively  inhibits  the  growth  of  colon 
and  breast  cancer  xenograft  tumors  in  nude  mice  (7-9)  and  is  a 
clinically  effective  chemoprevention  agent  for  colon  cancer  (10). 
The  U.S.  Food  and  Drug  Administration  (FDA)  has  approved 
the  use  of  celecoxib  for  the  adjuvant  treatment  of  familial 
adenomatous  polyposis,  an  inherited  syndrome  that  predisposes 
individuals  to  colon  cancer.  Currently,  celecoxib  is  being  tested 
in  clinical  trials  for  its  chemopreventive  or  therapeutic  activity 
against  various  cancers,  including  lung  cancer,  as  a  single  agent 
or  in  combination  with  other  agents. 

Although  celecoxib  is  a  cyclooxygenase  2  inhibitor,  it  has 
been  found  to  have  antitumor  activity  in  tumor  cells  and  tissues 
that  lack  the  cyclooxygenase  2  enzyme  (7-9,11,12).  Therefore, 
celecoxib  appears  to  exert  its  chemopreventive  and  therapeutic 
activity  through  a  mechanism  that  is  independent  of  its  cyclo¬ 
oxygenase  2  inhibitory  activity.  Celecoxib  induces  apoptosis  in 
various  cell  types  (7,11-18),  and  this  activity  may  account  for  its 
chemopreventive  and  therapeutic  activity  (19,20).  However,  the 
mechanisms  by  which  celecoxib  induces  apoptosis  remain 
largely  uncharacterized,  although  celecoxib-induced  apoptosis 
appears  to  be  associated  with  inactivation  of  the  protein  kinase 
Akt  in  prostate,  colon,  and  liver  cancer  cells  (11,14,21 )  and  with 
inhibition  of  endoplasmic  reticulum  Ca2+-ATPases  in  prostate 
cancer  cells  (22).  Although  celecoxib  induces  apoptosis  when 
BCL2  is  overexpressed  (11,17),  Jendrossek  et  al.  (17)  reported 
that  celecoxib  induced  mitochondria-mediated  apoptosis  inde¬ 
pendent  of  the  death  receptor  pathway  in  Jurkat  T  cells. 

There  are  two  major  apoptotic  signaling  pathways,  the  intrin¬ 
sic  mitochondria-mediated  pathway  and  the  extrinsic  death  re¬ 
ceptor-induced  pathway,  and  cross-talk  between  these  pathways 
is  mediated  by  the  truncation  of  the  proapoptotic  protein  Bid 
(23).  Steps  in  the  intrinsic  pathway  include  cytochrome  c  release 
from  mitochondria,  caspase  9  activation,  and  then  activation  of 
effector  caspases,  including  caspase  3.  Steps  in  the  extrinsic 
pathway  include  the  Fas-associated  death  domain  (FADD)- 
dependent  recruitment  and  activation  of  caspase  8  and/or 
caspase  10,  triggered  by  the  binding  of  a  death  receptor  ligand  to 
its  death  receptor,  and  then  activation  of  the  same  effector 
caspases  involved  in  the  intrinsic  pathway.  The  antiapoptotic 
molecules  BCL2  and  BCL-XL  inhibit  the  intrinsic  pathway  by 
preventing  cytochrome  c  release  from  mitochondria.  Many 
chemicals  or  small  molecules  induce  apoptosis  through  the  in¬ 
trinsic  pathway  (24),  but  other  small  molecules,  including 
NSAIDs,  induce  apoptosis  through  the  extrinsic  pathway  by 
increasing  the  expression  of  death  ligands  (25)  or  death  recep¬ 
tors  (26,27). 

The  importance  of  death  receptors  in  NSAID-induced  apo¬ 
ptosis  has  been  described  previously.  Han  et  al.  (27)  reported 
that  the  NSAIDs  indomethacin  and  sulindac  activate  caspase  8 
and  apoptosis  by  a  FADD-dependent  mechanism  in  Jurkat  T 
cells.  Huang  et  al.  (26)  found  that  sulindac  induces  DR5  expres¬ 
sion  in  human  prostate  and  colon  cancer  cells  and  that  DR5 
expression  then  contributes  to  sulindac-induced  apoptosis. 

Tumor  necrosis  factor-related  apoptosis-inducing  ligand 
(TRAIL,  also  called  APO-2L)  is  a  member  of  the  tumor  necrosis 


factor  family  that  appears  to  induce  apoptosis  in  a  wide  variety 
of  transformed  cells  but  does  not  appear  to  induce  apoptosis  in 
normal  cells  (28,29).  TRAIL  appears  to  be  a  tumor-selective, 
apoptosis-inducing  cytokine  and  may  be  a  potential  agent  for 
cancer  treatment.  TRAIL  induces  apoptosis  by  binding  to  one 
of  the  two  death  domain- containing  receptors — DR4  (also 
called  TRAIL  receptor  1)  and  DR5  (also  called  TRAIL  receptor 
2).  TRAIL  can  also  bind  to  the  decoy  receptors  DcRl  (also 
called  TRAIL-R3)  and  DcR2  (also  called  TRAIL-R4),  but  these 
receptors  contain  either  no  cytoplasmic  death  domain  or  a  trun¬ 
cated  death  domain  and  so  cannot  transmit  a  signal  to  induce 
apoptosis.  Because  DcRl  and  DcR2  can  compete  with  DR4  and 
DR5  for  TRAIL  binding,  they  act  to  inhibit  TRAIL-induced 
apoptosis  (28,29).  TRAIL  induces  apoptosis  by  binding  to  its 
cognate  death  receptors  (i.e.,  DR4  or  DR5),  which  then  recruit 
caspase  8  via  the  FADD.  Activated  caspase  8  then  directly 
activates  caspases  3,  6,  and  7  or  activates  the  intrinsic  mitochondria- 
mediated  pathway  through  caspase  8 -mediated  Bid  cleavage, 
which  indirectly  activates  caspases  3,  6,  and  7  (28,29). 

Both  DR5  and  DR4  are  target  genes  of  p53  (30-33),  but  they 
can  also  be  regulated  through  p5 3 -independent  mechanisms 
(34-36).  Therefore,  drug-induced  expression  of  DR5  and  DR4 
can  be  either  p5  3 -dependent  or  p5  3 -independent.  It  has  been 
reported  that  the  NS  AID  sulindac  induces  DR5  expression  in 
human  colon  and  prostate  cancer  cells  in  an  apparently  p53- 
independent  manner  (26).  In  general,  agents  that  increase  the 
expression  of  TRAIL  death  receptors  are  able  to  enhance 
TRAIL-induced  apoptosis  in  human  cancer  cells  (29). 

In  this  study,  we  examined  the  mechanism  of  celecoxib- 
induced  apoptosis  in  four  human  non-small-cell  lung  cancer 
(NSCLC)  cell  lines.  We  were  particularly  interested  in  the  roles 
of  caspase  8  activation,  death  receptor  DR5  and  DR4  expression, 
and  TRAIL  in  this  mechanism. 

Materials  and  Methods 
Reagents 

Celecoxib  was  purchased  from  LKT  Laboratories  (St.  Paul, 
MN).  The  cyclooxygenase  2  inhibitor  NS 39 8  was  purchased 
from  Biomol  (Plymouth  Meeting,  PA).  DUP697  (a  cyclooxy¬ 
genase  2  inhibitor),  SC-58125  (a  cyclooxygenase  2  inhibitor), 
sulindac  sulfide  (a  cyclooxygenase  1  and  2  inhibitor),  sulindac 
sulfone  (a  sulindac  sulfide  metabolite  without  cyclooxygenase 
inhibitor  activity),  and  SC-560  (a  cyclooxygenase  1  inhibitor) 
were  purchased  from  Cayman  Chemical  (Ann  Arbor,  MI).  Each 
of  these  compounds  was  dissolved  in  dimethyl  sulfoxide 
(DMSO)  at  a  concentration  of  100  m M  and  stored  at  -80  °C. 
Stock  solutions  were  diluted  to  the  appropriate  concentrations 
with  growth  medium  immediately  before  use.  Other  agents  were 
purchased  from  Sigma  Chemical  (St.  Louis,  MO). 

Cell  Lines  and  Cell  Culture 

Human  NSCLC  cell  lines  H460,  A549,  H358,  and  H1792 
were  purchased  from  the  American  Type  Culture  Collection 
(Manassas,  VA).  Among  these  cell  lines,  A549  and  H358  cells 
express  high  levels  of  cyclooxygenase  2,  whereas  H460  and 
HI 792  cells  express  very  low  levels  of  cyclooxygenase  2  (data 
not  shown).  H460  cells  stably  transfected  with  control  vector 
(H460/V)  and  with  BCL2  expression  vector  (H460/Bcl2-6)  were 
described  previously  (37).  These  cell  lines  were  grown  in  mono- 
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layer  culture  in  a  1:1  mixture  of  Dulbecco’s  modified  Eagle 
medium  and  Ham’s  FI 2  medium  supplemented  with  5%  fetal 
bovine  serum  at  37  °C  in  a  humidified  atmosphere  of  5% 
C02/95%  air. 

Generation  of  Stable  Transfectants  That  Overexpress  a 
Dominant  Negative  FADD  Mutant 

NSCLC  H460  cells  were  transfected  with  the  control 
pcDNA3  empty  vector  or  with  the  vector  containing  the  domi¬ 
nant  negative  mutant  FADDm,  termed  pcDNA-FADD-DN  (38), 
by  use  of  FuGene  6  (Roche  Molecular  Biochemicals,  Indianap¬ 
olis,  IN),  in  accordance  with  the  manufacturer’s  instructions. 
After  selection  in  culture  medium  containing  G418  (500  [xg/mL; 
Gibco-BRF,  Rockville,  MD)  for  2  weeks,  individual  G418- 
resistant  clones  were  isolated  with  cloning  cylinders  and  cul¬ 
tured  to  obtain  adequate  numbers  of  cells  for  other  experiments. 
Expression  of  the  dominant  negative  mutant  FADDm  was  con¬ 
firmed  by  western  blot  analysis  with  mouse  anti-FADD  mono¬ 
clonal  antibodies  (Upstate  Biotechnology,  Placid  Fake,  NY). 
Cells  transfected  with  the  empty  vector  (that  expressed  no 
FADDm)  were  designated  H460/V 1 ,  and  cells  transfected  with 
the  vector  containing  FADDm  that  expressed  FADDm  were 
designated  H460/Fm6  and  H460/Fml6. 

Cell  Viability  and  Death  Assays 

Cells  were  cultured  in  96-well  cell  culture  plates  (viability 
assay)  or  in  10-cm  diameter  dishes  (death  assay),  treated  on  the 
second  day  with  the  agents  indicated,  and  then  subjected  to  an 
assay.  For  the  cell  viability  assay,  the  viable  cell  number  was 
estimated  by  use  of  the  sulforhodamine  B  assay,  as  previously 
described  (39).  For  the  cell  death  assay,  the  number  of  cells  floating 
in  the  medium  were  directly  counted  with  a  hemacytometer. 

Apoptosis  Assays 

Cells  were  cultured  in  96- well  cell  culture  plates  or  in  10-cm 
diameter  dishes  and  treated  with  test  agents  on  the  second  day  as 
indicated,  and  then  apoptosis  was  assessed  by  use  of  three 
assays.  The  first  assay  used  the  presence  of  cytoplasmic  histone- 
associated  DNA  fragments  (mononucleosome  and  oligonucleo- 
somes)  to  identify  apoptotic  cells  by  use  of  an  enzyme-linked 
immunosorbent  assay  (Cell  Death  Detection  EFISAPlus  kit; 
Roche  Molecular  Biochemicals),  according  to  the  manufactur¬ 
er’s  instructions.  The  second  assay  for  apoptotic  cells  was  the 
terminal  deoxynucleotidyltransferase-mediated  dUTP  nick-end¬ 
labeling  (TUNEF)  assay.  For  this  assay,  cells  were  cultured  on 
10-cm  diameter  dishes  for  1  day,  then  treated  with  agents  as 
indicated,  and  harvested  by  trypsinization.  Cells  were  fixed  with 
1%  paraformaldehyde,  and  cytoplasmic  DNA  fragments  with 
3 '-hydroxyl  ends  were  detected  with  an  APO-Direct  TUNEF  kit 
(Phoenix  Flow  Systems,  San  Diego,  CA)  by  following  the 
manufacturer’s  protocol.  The  third  assay  for  apoptosis  measured 
the  level  of  activated  caspase.  In  this  assay,  cells  were  harvested, 
whole  cell  protein  lysates  were  prepared,  and  activation  of 
caspases  was  assessed  in  the  lysates  by  western  blot  analysis  as 
described  below. 

Western  Blot  Analysis 

Preparation  of  whole  cell  protein  lysates  and  western  blot 
analysis  were  as  described  previously  (40).  Briefly,  whole  cell 


protein  lysates  (50  |xg)  were  electrophoresed  through  7.5%-12% 
denaturing  polyacrylamide  slab  gels,  and  the  protein  bands  were 
transferred  to  a  Hybond  enhanced  chemiluminescence  (ECU) 
membrane  (Amersham,  Arlington  Heights,  IF)  by  electroblot- 
ting.  The  blots  were  probed  or  re-probed  with  the  appropriate 
primary  antibodies,  blots  were  incubated  with  the  secondary 
antibodies,  and  then  antibody  binding  was  detected  by  the  ECU 
system  (Amersham),  according  to  the  manufacturer’s  protocol. 
Mouse  anti-caspase  3  and  anti-DR4  monoclonal  antibodies  and 
rabbit  anti-DR5  polyclonal  antibody  were  purchased  from  Im- 
genex  (San  Diego,  CA).  Rabbit  anti-caspase  9,  anti-caspase  8, 
anti-caspase  7,  anti-caspase  6,  anti-poly(ADP-ribose)  polymer¬ 
ase  (PARP),  anti-lamin  A/C,  and  anti-DNA  fragmentation  factor 
45  (DFF45)  polyclonal  antibodies  were  purchased  from  Cell 
Signaling  Technology  (Beverly,  MA).  Rabbit  anti-Bid  poly¬ 
clonal  antibody  was  purchased  from  Trevigen  (Gaithersburg, 
MD).  Mouse  anti-BCF2  monoclonal  antibody  was  purchased 
from  Santa  Cruz  Technology  (Santa  Cruz,  CA).  Rabbit  anti-(3- 
actin  polyclonal  antibody  was  purchased  from  Sigma.  Secondary 
antibodies,  goat  anti-mouse  immunoglobulin  G  (IgG)- horserad¬ 
ish  peroxidase  conjugates  and  anti-rabbit  IgG- horseradish  per¬ 
oxidase  conjugates,  were  purchased  from  Bio-Rad  (Hercules, 
CA)  and  Pierce  Biotechnology  (Rockford,  IF),  respectively. 

Northern  Blot  Analysis 

Total  cellular  RNA  was  prepared  and  loaded  (30  [xg  of  RNA 
per  lane)  onto  a  formaldehyde-denatured  agarose  gel,  and  RNAs 
were  separated  by  electrophoresis.  Northern  blot  analysis  was 
performed  as  described  previously  (39).  The  probes  were  human 
DR5  cDNA  (obtained  from  Dr.  W.  S.  El-Deiry,  The  University 
of  Pennsylvania  School  of  Medicine,  Philadelphia,  PA);  human 
DR4  cDNA  (purchased  from  Alexis  Biochemicals,  San  Diego, 
CA);  and  human  glyceraldehyde- 3 -phosphate  dehydrogenase 
(GAPDH)  cDNA  (purchased  from  Ambion,  Austin,  TX). 

Enzyme-Linked  Immunosorbent  Assay  (ELISA)  for 
Detection  of  DR5 

Cells  were  cultured  on  10-cm  dishes  in  culture  medium 
supplemented  with  5%  fetal  bovine  serum  and  treated  with 
celecoxib,  as  indicated,  on  the  second  day.  After  a  24-hour 
incubation,  the  level  of  DR5  protein  was  measured  in  cells  with 
an  ELISA  kit  purchased  from  Biosource  International  (Cama¬ 
rillo,  CA),  by  following  the  manufacturer’s  instructions. 

Silencing  of  Gene  Expression  With  Small  Interfering  RNA 

Gene  silencing  by  small  interfering  RNA  (siRNA)  technol¬ 
ogy  uses  a  small  double- stranded  RNA  (i.e.,  the  siRNA)  that 
triggers  degradation  of  target  mRNA.  Gene  silencing  was 
achieved  by  transfecting  cells  with  siRNAs  by  use  of  the 
RNAiFect  transfection  reagent  (Qiagen,  Valencia  CA),  follow¬ 
ing  the  manufacturer’s  instructions.  High-purity  control  (i.e., 
non- silencing)  siRNA  oligonucleotides  that  target  the  sequence 
5'-AATTCTCCGAACGTGTCACGT-3'  were  purchased  from 
Qiagen.  This  scrambled  sequence  does  not  match  any  human 
genome  sequence.  Caspase  8  and  DR5  siRNA  duplexes  that 
target  the  sequences  5'-AACTACCAGAAAGGTATACCT-3' 
and  5'-AAGACCCTTGTGCTCGTTGTC-3',  respectively,  as 
described  previously  (41,42),  were  synthesized  by  Qiagen.  To 
improve  gene  silencing,  we  transfected  the  same  cells  twice  with 
the  same  siRNA  with  a  48-hour  interval  between  the  two  trans- 
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fections.  Twenty-four  hours  after  the  second  transfection,  cells 
were  re-plated  in  fresh  medium  supplemented  with  5%  fetal 
bovine  serum  and  treated  on  the  second  day  with  celecoxib,  as 
indicated.  Gene  silencing  effects  were  evaluated  by  western  blot 
analysis. 

Statistical  Analysis 

The  statistical  significance  of  differences  in  cell  survival  and 
apoptosis  (i.e.,  DNA  fragmentation)  between  two  groups  were 
analyzed  with  two-sided  unpaired  Student’s  t  tests  when  the 
variances  were  equal  or  with  Welch’s  corrected  t  test  when  the 
variances  were  not  equal,  by  use  of  Graphpad  InStat  3  software 
(GraphPad  Software,  San  Diego,  CA).  Data  were  examined  as 
suggested  by  the  same  software  to  verify  that  the  assumptions 
for  use  of  the  t  tests  held.  All  means  and  95%  confidence 
intervals  (CIs)  from  triplicate  or  four  replicate  samples  were 
calculated  with  Microsoft  Excel  software,  version  5.0  (Mi¬ 
crosoft,  Seattle,  WA).  Results  were  considered  to  be  statistically 
significant  at  P<.01  to  account  for  multiple  comparisons.  All 
statistical  tests  were  two-sided. 


Results 

Celecoxib,  Caspase  8,  and  Apoptosis  in  Human  NSCLC 
Cell  Lines 

To  determine  the  optimal  celecoxib  concentration  and  incu¬ 
bation  time  for  our  experiments,  we  treated  the  following  four 
NSCLC  cell  lines  H358,  A549,  H1792,  and  H460  with  celecoxib 
and  examined  cell  survival.  The  survival  of  all  four  cell  lines 
was  reduced  by  celecoxib  in  a  concentration-dependent  manner 
(Fig.  1,  A)  when  incubated  for  24,  48,  or  72  hours.  The  concen¬ 
tration  of  celecoxib  that  resulted  in  a  50%  decrease  in  cell 
survival  after  a  48-hour  incubation  averaged  about  30  p M  in 
these  cell  lines.  A  48-hour  incubation  with  celecoxib  reduced 
cell  survival  more  effectively  than  a  24-hour  incubation,  but  a 
72-hour  incubation  did  not  reduce  cell  survival  further.  To 
achieve  biologically  significant  effects  in  the  subsequent  exper¬ 
iments,  we  used  a  celecoxib  concentration  of  50  p M  and  an 
incubation  time  of  not  more  than  48  hours. 

We  next  examined  whether  celecoxib  treatment  activated 
caspase  cascades  in  these  cell  lines  by  monitoring  the  cleavage 


Fig.  1.  Celecoxib  and  caspase  8-mediated  apo¬ 
ptosis  in  human  non-small-cell  lung  carcinoma 
(NSCLC)  cell  lines.  A)  Celecoxib  and  cell  sur¬ 
vival.  NSCLC  cell  lines,  as  indicated,  were  cul¬ 
tured  in  96- well  cell  culture  plates  and  treated  on 
the  second  day  with  celecoxib  as  indicated.  After 
24,  48,  or  72  hours,  cell  numbers  were  estimated 
by  use  of  the  sulforhodamine  B  assay,  as  de¬ 
scribed  (39).  Cell  survival  is  expressed  as  the 
percent  of  control  (dimethyl  sulfoxide  [DMSO]- 
treated)  cells  (0  jjl M  celecoxib).  Each  point  is  the 
mean  value  from  four  identical  wells.  Error 
bars  =  95%  confidence  intervals  [CIs].  B)  Cele¬ 
coxib  and  caspase  activation.  NSCLC  cell  lines 
were  treated  with  celecoxib,  as  indicated,  for  3 1 
hours,  whole  cell  protein  lysates  were  prepared, 
and  cleavage  of  caspase  8  (Casp-8),  caspase  9 
(Casp-9),  caspase  3  (Casp-3),  and  poly(ADP- 
ribose)  polymerase  (PARP)  was  detected  by 
western  blot  analysis.  (Cleaved  forms  of  caspase 
9  appeared  with  longer  exposure  in  the  HI 792 
cell  line,  as  did  the  smaller  cleaved  form  of 
caspase  8  in  the  A549  cell  line;  data  not  shown.) 
Actin  expression  was  used  as  a  loading  control. 
CF  =  cleaved  form.  C  and  D)  Silencing  of 
caspase  8  expression  and  celecoxib-induced 
caspase  activation  and  DNA  fragmentation. 
HI 792  cells  were  cultured  in  a  24- well  cell  cul¬ 
ture  plate  and  transfected  with  control  (Ctrl)  or 
caspase  8  small  interfering  RNA  (siRNA)  twice 
with  a  48-hour  interval  between  transfections. 
Forty  hours  after  the  second  transfection,  cells 
were  treated  with  DMSO  (0.05%)  or  50  pM 
celecoxib.  Twenty-four  hours  later,  caspase  ac¬ 
tivation  was  assessed  by  western  blot  analysis 
(C),  and  DNA  fragmentation  was  assessed  with 
the  Cell  Death  Detection  enzyme-linked  immu¬ 
nosorbent  assay  (ELISA)  kit  (Roche  Molecular 
Biochemicals)  (D).  Data  are  the  mean  value  of 
three  identical  wells,  and  error  bars  are  the  upper 
95%  CIs.  *,  P<.001  compared  with  that  of  con¬ 
trol  siRNA-transfected  cells  treated  with  cele¬ 
coxib.  All  statistical  tests  were  two-sided. 
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of  upstream  and  downstream  components  of  caspase  cascades, 
caspases  3,  8,  and  9  and  PARP.  Addition  of  50  p M  celecoxib 
induced  cleavage  of  caspases  8  and  9,  as  well  as  cleavage  of 
caspase  3  and  its  substrate  PARP  (Fig.  1,  B).  Thus,  celecoxib 
appears  to  activate  the  caspase  cascade  in  NSCLC  cells. 

To  determine  whether  caspase  8  activation  is  involved  in 
celecoxib-induced  apoptosis,  we  transfected  HI 792  cells  (which 
tolerate  transfection  reagents  better  than  other  cell  lines  evalu¬ 
ated  and  have  good  transfection  efficiency)  with  caspase  8 
siRNA  to  silence  caspase  8  expression  and  then  assessed 
whether  apoptosis  was  altered  by  examining  levels  of  cleaved 
and  uncleaved  caspases  8  and  3  and  PARP,  as  well  as  levels  of 
DNA  fragmentation.  We  found  that,  in  the  absence  of  celecoxib 
treatment,  the  level  of  caspase  8  was  much  lower  in  cells 
transfected  with  caspase  8  siRNA  than  in  cells  transfected  with 
control  siRNA  (Fig.  1,  C).  After  treatment  of  control  siRNA- 
transfected  cells  with  50  p M  celecoxib,  levels  of  uncleaved 
forms  of  caspase  8  decreased  as  levels  of  cleaved  forms  of 
caspase  8  increased,  the  level  of  uncleaved  caspase  3  was 
reduced,  and  levels  of  cleaved  PARP  and  DNA  fragments  were 
elevated,  all  compared  with  levels  in  corresponding  untreated 
cells  (Fig.  1,  C  and  D).  After  caspase  8  siRNA-transfected  cells 
were  treated  with  50  p M  celecoxib,  the  level  of  uncleaved 
caspase  3  appeared  unchanged,  cleaved  PARP  was  faintly  de¬ 
tected,  and  DNA  fragmentation  was  statistically  significantly 
less  than  that  in  celecoxib-treated  control  siRNA-transfected 
cells  (Fig.  1,  C  and  D).  Similar  results  were  obtained  with  H460 
cells  (data  not  shown).  Thus,  celecoxib  appeared  to  activate  apo¬ 
ptosis  in  a  caspase  8 -dependent  manner  in  human  NSCLC  cells. 


Celecoxib  and  DR5  Expression 

To  determine  whether  celecoxib  induces  DR5  expression 
and  whether  p53  status  alters  the  effect  of  celecoxib,  we 
examined  the  effect  of  celecoxib  on  DR5  expression  in  three 
human  NSCLC  cell  lines,  one  carrying  wild-type  p53  (A549), 
one  carrying  mutant  p53  (HI 7 92),  and  one  that  is  p53- 
null(H358)  (43).  We  treated  all  three  lines  with  celecoxib  and 
then  assessed  DR5  mRNA  and  protein  expression.  The  level 
of  DR5  mRNA  increased  in  a  time-dependent  manner  in  all 
three  cell  lines,  regardless  of  p53  status,  for  at  least  24  hours 
after  celecoxib  treatment,  compared  with  that  in  untreated 
cells  (Fig.  2,  A).  The  level  of  DR5  protein  also  increased  in 
all  three  cell  lines  after  a  24-hour  incubation  with  celecoxib, 
compared  with  that  in  untreated  cells,  particularly  when  cells 
were  treated  with  50  p M  celecoxib  (Fig.  2,  B  and  C).  Thus, 
celecoxib  appears  to  induce  DR5  expression  in  a  p53- 
independent  manner  in  human  NSCLC  cells. 

To  determine  whether  celecoxib  increases  DR5  mRNA  ex¬ 
pression  at  the  transcriptional  level,  we  used  the  transcriptional 
inhibitor  actinomycin  D  and  the  translational  inhibitor  cyclohex- 
imide.  DR5  mRNA  was  not  detected  in  cells  treated  with  acti¬ 
nomycin  D  or  in  cells  treated  with  the  combination  of  actino¬ 
mycin  D  and  celecoxib.  Treatment  of  cells  with  cycloheximide 
alone  increased  the  level  of  DR5  mRNA,  compared  with  that  in 
untreated  control  cells,  and  treatment  with  both  cycloheximide 
and  celecoxib  increased  the  level  of  DR5  mRNA  even  more 
(Fig.  2,  D).  We  next  examined  whether  celecoxib  altered  the 
stability  of  the  DR5  mRNA.  After  cells  were  treated  with  DMSO 
(vehicle  control)  or  with  celecoxib  for  24  hours,  actinomycin  D 
was  then  added,  and  mRNAs  were  isolated  from  cells  after  0,  1 , 
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Fig.  2.  Celecoxib  and  DR5  expression  in  human 
non- small-cell  lung  carcinoma  (NSCLC)  cells. 

A-C)  Celecoxib  and  DR5  mRNA  (A)  and  pro¬ 
tein  (B  and  C)  expression.  NSCLC  cell  lines 
were  treated  with  50  pM  celecoxib  for  the  times 
indicated  (A)  or  concentrations  of  celecoxib  in¬ 
dicated  for  24  hours  (B  and  C).  Total  cellular 
RNA  and  whole  cell  protein  lysates  were  then 
prepared,  DR5  mRNA  was  detected  by  northern 
blot  analysis  (A),  and  DR5  protein  was  detected 
by  western  blot  analysis  (B)  and  by  enzyme- 
linked  immunosorbent  assay  (ELISA)  (C).  Data 
in  panel  C  are  the  mean  value  of  three  identical 
treatments,  and  error  bars  are  the  upper  95% 
confidence  intervals  [CIs].  All  P  values  were 
compared  with  control  cells  (0  jjl M  celecoxib) 
for  all  cells  treated  with  the  indicated  concentra¬ 
tions  of  celecoxib  compared  with  control  cells. 

All  statistical  tests  were  two-sided.  D)  Celecoxib 
induction  of  DR5  expression.  H358  cells  were 
pretreated  with  the  transcription  inhibitor  actino¬ 
mycin  D  at  5  |jLg/mL  or  with  the  translational 
inhibitor  cycloheximide  (CHX)  at  10  |jig/mL  for 
30  minutes  and  then  treated  with  the  combina¬ 
tion  of  actinomycin  D  (Act  D)  or  cycloheximide 
and  50  pM  celecoxib  for  24  hours.  Total  cellular 
RNA  was  then  prepared  and  the  expression  of 
DR5  mRNA  was  detected  bynorthern  blot  anal¬ 
ysis.  E  and  F)  Celecoxib  and  the  stability  of  DR5  mRNA  in  H358  cells.  E)  After  a 
24-hour  treatment  with  50  p M  celecoxib  or  dimethyl  sulfoxide  (DMSO),  cells  were 
exposed  to  actinomycin  D  at  5  pg/mL,  and  total  cellular  RNA  was  isolated  and 
examined  by  northern  blot  analysis.  F)  Hybridization  signals  were  quantitated  with 
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a  Phosphorlmager  using  ImageQuant  software  and  were  normalized  to 
glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH).  Data  are  the  relative  level  of 
mRNA  (ratio  of  the  value  at  time  0  of  actinomycin  D  treatment)  at  the  indicated 
times.  The  result  reflects  one  gel  scanning. 
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2,  4,  6,  and  8  hours  of  incubation  to  assess  the  degradation  rate 
of  DR5  mRNA  (Fig.  2,  E  and  F).  The  rate  of  DR5  mRNA 
degradation  in  control  (DMSO)-treated  cells  was  similar  to  that 
in  celecoxib-treated  cells.  Thus,  celecoxib  appeared  to  increase 
DR5  expression  at  the  transcriptional  level. 

Celecoxib  and  the  Expression  of  the  Other  TRAIL 
Receptors  DR4  and  the  Decoy  Receptors 


ined  the  effect  of  celecoxib  on  DR4  protein  expression.  In¬ 
creased  expression  of  DR4  protein  was  detected  at  25  p M 
celecoxib  in  H358  cells  and  at  50  p M  celecoxib  in  H1792  cells,  but 
the  expression  of  DR4  protein  in  A549  cells  was  not  altered,  even 
at  50  p M  celecoxib  (Fig.  3,  B).  Thus,  we  conclude  that  celecoxib 
also  increased  DR4  expression  in  some  NSCLC  cell  lines. 

NS AIDs,  Induction  of  DR5  Expression,  and  Apoptosis 


To  determine  whether  celecoxib  also  affects  the  expression  of 
TRAIL  receptors  in  addition  to  that  of  DR5,  we  treated  cells 
with  celecoxib  for  24  hours  and  assessed  the  levels  of  DR5, 
DR4,  DcRl,  and  DcR2  mRNAs.  Celecoxib  treatment  increased 
the  levels  of  DR4  and  DR5  mRNAs  in  a  concentration- 
dependent  manner,  particularly  in  H358  cells  (Fig.  3,  A)  but  did 
not  change  the  levels  of  DcRl  and  DcR2  mRNAs  in  all  three  cell 
lines  tested.  In  H358  cells,  celecoxib  at  concentrations  from  5 
p M  through  50  p M  increased  the  expression  of  DR4,  whereas  in 
A549  and  HI 792  cells,  increased  DR4  expression  was  detected 
even  at  celecoxib  concentrations  of  25  p M  and  10  p M,  respec¬ 
tively.  Because  celecoxib  increased  the  DR4  mRNA  level  but 
did  not  change  DcRl  and  DcR2  mRNA  levels,  we  also  exam¬ 
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Fig.  3.  Celecoxib  and  modulation  of  the  expression  of  tumor  necrosis  factor- 
related  apoptosis-inducing  ligand  (TRAIL)  receptors  (DR4,  DR5,  DcRl,  and 
DcR2)  in  human  non-small-cell  lung  carcinoma  (NSCLC)  cells.  A)  Cele¬ 
coxib  and  the  expression  of  TRAIL  receptors.  NSCLC  cell  lines  as  indicated 
were  treated  with  celecoxib  for  24  hours  as  indicated.  Total  cellular  RNAs 
were  prepared  and  subjected  to  northern  blot  analysis  to  detect  TRAIL 
receptor  expression.  Glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH) 
expression  was  used  as  a  loading  control.  B)  Celecoxib  and  DR4  protein 
expression.  The  indicated  NSCLC  cell  lines  were  treated  with  celecoxib  as 
indicated.  After  24  hours,  whole  cell  protein  lysates  were  prepared,  and  DR4 
protein  was  detected  by  western  blot  analysis.  Actin  expression  level  was  used  as 
a  loading  comparison. 


To  determine  whether  other  NSAIDs  also  modulate  death 
receptor  expression  in  human  NSCLC  cells,  we  treated  H358 
cells  with  celecoxib  or  another  NSAID  (NS398,  DUP697,  SC- 
58125,  sulindac  sulfide,  sulindac  sulfone,  or  SC-560;  each  at  50 
p M)  and  then  assessed  death  receptor  protein  expression  and 
survival  in  these  cells.  Treatment  with  celecoxib,  NS 3 98, 
DUP697,  or  SC-58125  increased  the  expression  of  DR5  protein 
(Fig.  4,  A),  with  celecoxib  and  DUP697  inducing  the  highest 
levels,  and  increased  the  expression  of  DR4  protein,  with  cele- 
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Fig.  4.  Abilities  of  celecoxib  and  other  nonsteroidal  anti-inflammatory  drugs 
(NSAIDs)  to  induce  death  receptor  expression  (A)  and  apoptosis  (B).  A) 
H358  cells  were  treated  for  24  hours  with  dimethyl  sulfoxide  (DMSO),  50 
jjl M  celecoxib,  or  the  indicated  NSAIDs  at  50  jjl M.  Whole  cell  protein  lysates 
were  prepared,  and  DR4  or  DR5  protein  was  detected  with  western  blot 
analysis.  Actin  expression  was  used  as  a  loading  control.  B)  H358  cells  were 
cultured  in  96-well  cell  culture  plates  and  treated  with  DMSO,  50  \xM 
celecoxib,  or  other  NSAIDs  at  50  jjl M  on  the  second  day.  After  48  hours,  the 
cell  number  was  estimated  by  use  of  the  sulforhodamine  B  assay,  as  de¬ 
scribed  (39).  Cell  survival  data  are  expressed  as  percent  of  control  DMSO- 
treated  cells  and  are  the  mean  value  of  four  identical  wells.  Error  bars  are 
the  upper  95%  confidence  interval.  *,  P<.001  for  survival  cells  treated  with 
the  indicated  agent  relative  to  control  DMSO-treated  cells.  All  statistical 
tests  were  two-sided.  S.  Sulfide  =  sulindac  sulfide;  S.  Sulfone  =  sulindac 
sulfone. 
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coxib  inducing  the  highest  level.  Although  treatment  with  SC- 
560  did  not  increase  DR5  expression,  it  did  increase  DR4 
expression.  Treatment  with  either  sulindac  sulfide  or  sulindac 
sulfone  did  not  appear  to  induce  DR4  expression,  although 
treatment  with  sulindac  sulfide  increased  the  expression  of  DR5 
slightly. 

When  the  induction  of  DR4  protein  expression  was  used  to 
assess  NS  AID  activity  in  H358  cells,  the  order  from  most  active 
to  least  active  was  celecoxib,  SC-560,  DUP697,  SC-58125,  and 
NS398.  When  cell  survival  was  used  to  assess  NSAID  activity  in 
H358  cells,  treatment  with  each  NSAID  decreased  cell  survival, 
with  celecoxib  and  DUP697  having  the  highest  activity  and 
sulindac  sulfone  having  the  lowest  activity  (Fig.  4,  B).  The 
ability  of  each  NSAID,  except  for  SC-560,  to  decrease  cell 
survival  appeared  to  be  associated  with  its  ability  to  induce  the 
expression  of  DR5  (Fig.  4).  The  ability  of  SC-560  to  decrease 
cell  survival  may  be  related  to  its  ability  to  induce  DR4  expres¬ 
sion.  The  inability  of  sulindac  sulfone  to  increase  the  expression 
of  DR5  and  DR4  may  account  for  its  inability  to  decrease  cell 
survival.  Thus,  the  induction  of  death  receptors,  particularly 
DR5  induction,  appeared  to  be  important  for  NSAID-induced 
apoptosis,  at  least  in  human  NSCLC  cell  lines. 

BCL2  Overexpression  and  Resistance  to  Celecoxib- 
Induced  Apoptosis 

BCL2  is  an  antiapoptotic  protein  that  inhibits  the  release  of 
cytochrome  c  from  mitochondria  into  the  cytoplasm,  thereby 
inhibiting  intrinsic  mitochondria-mediated  apoptosis  (23,24). 
To  determine  whether  BCL2  overexpression  protects  cells 
from  celecoxib-induced  apoptosis,  we  used  H460  cells  trans¬ 
fected  with  an  empty  control  vector  (H460/V)  and  H460  cells 
transfected  with  a  vector  containing  the  gene  for  BCL2 
(H460/Bcl2-6).  Treatment  with  increasing  concentrations  of 
celecoxib  did  not  alter  the  expression  of  endogenous  (i.e., 
genomic)  or  exogenous  (i.e.,  transfected)  BCL2  or  of  DR4 
protein  in  either  cell  line  (Fig.  5,  B).  Celecoxib  did  not 
differentially  alter  survival  of  either  of  the  two  cell  lines  (Fig. 
5,  A),  and  it  increased  the  level  of  DR5  protein  equally  well 
in  both  cell  lines  (Fig.  5,  B).  Thus,  overexpression  of  BCL2 
did  not  appear  to  confer  resistance  to  celecoxib. 

Death  Receptor  Expression  and  Celecoxib-Mediated 
Apoptosis 

The  binding  of  TRAIL  to  DR5  or  DR4  recruits  and  activates 
caspase  8  via  the  adaptor  molecule  FADD,  and  activated  caspase 
8  induces  apoptosis  by  activating  caspase  cascades  (28,29). 
Death  receptor-induced  apoptosis  can  be  disrupted  by  use  of  a 
dominant  negative  FADD  mutant  (FADDm)  that  blocks  the 
recruitment  of  caspase  8  (38).  To  determine  whether  increased 
death  receptor  expression  contributes  to  celecoxib-induced  apo¬ 
ptosis,  we  transfected  cells  with  a  FADDm  expression  vector  or 
with  an  empty  control  vector  (Fig.  6,  A),  treated  the  transfectants 
with  celecoxib,  and  assessed  their  survival.  Celecoxib  decreased 
cell  survival  better  in  cells  transfected  with  the  empty  vector 
(F1460/V1)  than  in  the  two  lines  transfected  with  FADDm 
(H460/Fm6  and  H460/Fml6)  (Fig.  6,  B).  After  a  24-hour  treat¬ 
ment  with  50  p M  celecoxib,  survival  of  H460/V1  cells  was 
28.2%  (95%  Cl  =  28.0%  to  29.6%)  of  that  of  untreated  cells, 
survival  of  H460/Fm6  cells  was  47.1%  (95%  Cl  =  45.0%  to 
49.2%)  of  that  of  untreated  cells,  and  survival  of  H460/Fml6 
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Fig.  5.  BCL2  overexpression,  celecoxib-induced  apoptosis  (A),  and  death 
receptor  expression  (B).  A)  Control  vector-transfected  H460/V  and  BCL2 
vector-transfected  H460/Bcl2-6  cells  were  cultured  in  96-well  plates  and 
treated  on  the  second  day  with  celecoxib  as  indicated.  After  3  days,  cell 
number  was  estimated  with  the  sulforhodamine  B  assay,  as  described  (39). 
Cell  survival  data  are  expressed  as  percent  of  control  dimethyl  sulfoxide- 
treated  cells  (0  jjl M  celecoxib).  Data  are  the  mean  value  of  four  identical 
wells,  and  error  bars  are  the  95%  confidence  intervals  (some  error  bars  are 
too  small  to  be  seen).  B)  H460/V  and  H460/Bcl2-6  cells  were  cultured  in 
10-cm  dishes  and  treated  with  celecoxib  as  indicated  for  24  hours.  Whole  cell 
protein  lysates  were  then  prepared,  and  DR5,  DR4,  and  BCL2  expression 
levels  were  detected  by  western  blot  analysis.  Actin  expression  was  used  as 
a  loading  control.  Positions  of  exogenous  (Exo.)  and  endogenous  (End.) 
BCL2,  DR5,  and  DR4  are  indicated. 


was  44.5%  (95%  Cl  =  43.1%  to  45.9%)  of  that  of  untreated 
cells,  with  the  survival  values  of  H460/Fm6  and  H460/Fml6 
being  statistically  significantly  different  from  that  of  H460/V 1 
(F<.001  ). 

In  addition  to  measuring  viable  cells,  we  also  measured  dead 
cells  by  directly  counting  the  number  of  floating  cells  in  the  me¬ 
dium.  As  shown  in  Fig.  6,  C,  the  number  of  floating  or  dead  cells 
was  statistically  significantly  increased  in  cultures  of  H460/V 1  cells 
but  not  in  cultures  of  H460/Fm6  and  H460/Fml6  cells  after  expo¬ 
sure  to  celecoxib.  Thus,  the  overexpression  of  FADDm  appeared  to 
protect  cells  from  celecoxib-induced  cell  death. 

When  we  directly  measured  DNA  fragmentation  and  caspase 
activation — hallmarks  of  apoptosis — we  found  that  the  differ¬ 
ences  in  the  response  to  celecoxib  between  empty  vector-trans¬ 
fected  and  FADDm-transfected  H460  cells  were  apparently 
larger  than  what  we  observed  in  the  cell  survival  assay.  After 
treatment  with  50  \lM  celecoxib,  the  amount  of  DNA  fragmen¬ 
tation  was  increased  in  H460/V 1  cells  but  not  in  H460/Fm6  cells 
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Fig.  6.  Overexpression  of  a  dominant  negative  Fas-associated  death  domain 
mutant  (FADDm)  and  celecoxib-induced  apoptosis.  A)  Detection  of  FADDm  by 
western  blot  analysis.  Whole  cell  protein  lysates  prepared  from  H460  transfec- 
tants  as  indicated  were  subjected  to  detection  of  endogenous  FADD  and  FADDm 
by  western  blot  analysis.  B)  Overexpression  of  FADDm  and  celecoxib-induced 
decrease  of  cell  survival.  H460  cells  transfected  with  empty  vector  (F1460/V1)  or 
FADDm  (H460/Fm6  and  H460/Fml6)  were  cultured  in  96- well  plates  and 
treated  on  the  second  day  with  celecoxib  as  indicated.  After  24  hours,  the  cell 
number  was  estimated  with  the  sulforhodamine  B  assay,  as  described  (39).  Cell 
survival  data  are  expressed  as  percent  of  dimethyl  sulfoxide-treated  cells  (0  jjl M 
celecoxib).  Data  are  the  mean  value  of  four  identical  wells,  and  error  bars  are 
the  95%  confidence  intervals.  *,  F<.001  compared  with  celecoxib-treated 
H460/V1  cells.  C)  Overexpression  of  FADDm  and  celecoxib-induced  cell  death. 
Cell  lines,  as  indicated,  were  cultured  in  10-cm  diameter  dishes  and  treated  with 
50  [lM  celecoxib.  After  24  hours,  the  floating  or  dead  cells  in  the  medium  were 
counted  directly  with  a  hemacytometer.  Data  are  the  mean  value  of  three 
identical  dishes,  and  error  bars  are  the  upper  95%  confidence  intervals.  *, 
P<.001,  compared  with  the  increase  in  F1460/V1  cells.  D)  Overexpression  of 


FADDm  and  celecoxib-induced  DNA  fragmentation.  Cell  lines  were  cultured  in 
96-well  plates  and  treated  on  the  second  day  with  celecoxib  as  indicated.  After 
24  hours,  DNA  fragmentation  was  measured  with  the  Cell  Death  Detection 
enzyme-linked  immunosorbent  assay  (ELISA)  kit  (Roche  Molecular  Biochemi¬ 
cals).  Data  are  the  mean  value  of  three  identical  wells,  and  error  bars  are  the 
upper  95%  confidence  intervals.  *,  P<.001  compared  with  the  value  in  H460/V 1 
cells.  E)  Overexpression  of  FADDm  and  tumor  necrosis  factor-related 
apoptosis-inducing  ligand  (TRAIL)-induced  apoptosis.  Cells  were  treated  with 
TRAIL  at  25  ng/mL  for  24  hours,  and  then  DNA  fragmentation  was  measured 
by  use  of  the  Cell  Death  Detection  ELISA  kit.  Data  are  the  mean  value  of  three 
identical  wells,  and  error  bars  are  the  upper  95%  confidence  intervals.  *,  P  = 
.002,  compared  with  that  of  H460/V1  cell  lines.  F)  Overexpression  of  FADDm 
and  celecoxib-induced  caspase  activation.  Cells,  as  indicated,  were  treated  with 
50  jjl M  celecoxib  for  20  hours,  whole  cell  protein  lysates  were  then  prepared,  and 
cleaved  caspase  8  (Casp-8),  caspase  9  (Casp-9),  caspase  3  (Casp-3),  and 
poly(ADP-ribose)  polymerase  (PARP)  were  detected  by  western  blot  analysis. 
Actin  expression  was  used  as  a  loading  control.  CF  =  cleaved  form.  All 
statistical  tests  were  two  sided. 


compared  with  that  in  the  corresponding  untreated  cells.  After 
treatment  with  75  \lM  celecoxib,  the  amount  of  DNA  fragmen¬ 
tation  in  both  cell  lines  was  further  increased,  but  the  increase  in 
DNA  fragmentation  was  statistically  significantly  lower  in 
H460/Fm6  cells  than  in  H460/V1  cells  (P<.001)  (Fig.  6,  D).  As 
a  control,  the  amount  of  DNA  fragmentation  was  statistically 
significantly  lower  in  TRAIL-treated  H460/Fm6  cells  than  in 
TRAIL-treated  H460/V1  cells  (P  =  .002)  (Fig.  6,  E).  Clearly, 
FADDm  overexpression  suppressed  celecoxib-induced  apoptosis. 

Furthermore,  we  found  that  celecoxib  consistently  induced  a 
much  higher  level  of  cleavage  of  caspases  9,  8,  and  3  and  of 
PARP  in  H460/V1  cells  than  in  H460/Fm6  cells  (Fig.  6,  F), 
demonstrating  that  FADDm  overexpression  also  suppressed 


celecoxib’ s  ability  to  activate  the  caspase  8 -mediated  caspase 
cascade.  Thus,  overexpression  of  FADDm  appeared  to  suppress 
celecoxib-induced  apoptosis,  indicating  that  increased  expression  of 
death  receptors,  particularly  expression  of  DR5,  contributes  to 
celecoxib-induced  apoptosis,  at  least  in  human  NSCLC  cells. 

To  further  explore  the  relationship  between  DR5  expression 
and  celecoxib-induced  apoptosis,  we  used  siRNA  methodology 
to  silence  the  DR5  gene.  DR5  siRNA  transfection  decreased 
both  the  basal  level  of  DR5  expression  and  the  level  of 
celecoxib-increased  DR5  expression  and  decreased  the 
celecoxib-increased  levels  of  cleaved  caspase  8  and  PARP  (Fig. 
7,  A).  Transfection  with  control  siRNA  did  not  interfere  with 
celecoxib-induced  increased  DR5  expression  or  activation  of 
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Fig.  7.  Silencing  of  DR5  expression  with  small  interfering  RNA  (siRNA)  and 
celecoxib-induced  caspase  activation  (A)  and  DNA  fragmentation  (B).  HI 792 
cells  were  cultured  in  a  24-well  plate  and  on  the  second  day  transfected  twice 
with  control  (Ctrl)  or  DR5  siRNA  with  a  48-hour  interval  in  between  transfec¬ 
tions.  Forty  hours  after  the  second  transfection,  cells  were  treated  with  dimethyl 
sulfoxide  (DMSO)  or  50  jjl M  celecoxib  for  24  hours.  A)  DR5  expression  and 
cleavage  of  caspase  8  (Casp-8)  and  poly(ADP-ribose)  polymerase  (PARP)  were 
assessed  by  western  blot  analysis.  The  two  sports  between  lanes  2  and  3  are 
nonspecific  background  material.  B)  DNA  fragmentation  was  evaluated  with  the 
Cell  Death  Detection  enzyme-linked  immunosorbent  assay  (ELISA)  kit  (Roche 
Molecular  Biochemicals).  Data  are  the  mean  value  of  three  identical  wells  or 
treatments,  and  error  bars  are  the  upper  95%  confidence  intervals.  *,  P<.001 
compared  with  that  of  control  (Ctrl)  siRNA-transfected  cells  treated  with  cele¬ 
coxib.  All  statistical  tests  were  two-sided. 


caspase  8  and  PARP  cleavage  (Fig.  7,  A).  In  addition,  celecoxib- 
induced  DNA  fragmentation  was  statistically  significantly  lower 
in  DR5  siRNA-transfected  cells  than  in  control  siRNA-trans¬ 
fected  cells  (PC.001)  (Fig.  7,  B).  When  treated  with  celecoxib, 
the  level  of  DNA  fragments  (arbitrary  unit)  increased  from  0.107 
U  (95%  Cl  =  0.018  U  to  0.197  U)  to  0.848  U  (95%  Cl  =  0.814 
U  to  0.882  U)  in  control  siRNA-transfected  cells,  whereas  it 
increased  only  from  0.070  U  (95%  Cl  =  0.045  U  to  0.097  U)  to 
0.249  U  (95%  Cl  =  0.127  U  to  0.327  U)  in  DR5  siRNA- 
transfected  cells.  Thus,  DR5  appeared  to  play  an  important  role 
in  mediating  celecoxib-induced  apoptosis. 

Celecoxib,  TRAIL,  and  the  Induction  of  Apoptosis 

Agents  that  induce  death  receptor  expression  usually  enhance 
TRAIL-induced  apoptosis.  To  determine  whether  celecoxib  en¬ 
hances  TRAIL-induced  apoptosis  in  NSCLC  cells,  we  treated 
cells  with  TRAIL  and  various  concentrations  of  celecoxib  and 
assessed  apoptosis.  Treatment  with  TRAIL  alone  decreased  sur¬ 
vival  of  H358,  A549,  and  H460  cells,  and  cell  survival  was 
further  decreased  by  treatment  with  TRAIL  in  the  presence  of 
different  concentrations  of  celecoxib  (Fig.  8,  A).  In  A549  cells, 
for  example,  celecoxib  alone  at  50  p,M  decreased  cell  survival 
by  38.7%  (95%  Cl  =  35.2%  to  42.2%),  TRAIL  alone  decreased 
cell  survival  by  29.3%  (95%  Cl  =  25.1%  to  33.6%),  but  a 
combination  of  the  two  decreased  cell  survival  by  77.5%  (95% 
Cl  =  74.5%  to  79.5%),  which  is  greater  than  the  sum  of  the 
effects  of  each  agent  alone.  Similar  results  were  observed  with 
H358  and  H460  cell  lines.  In  addition,  when  DNA  fragmentation 
in  H358  cells  was  directly  measured  with  an  ELISA  (Fig.  8,  B 
and  C)  or  by  the  TUNEL  method  (Fig.  8,  D),  a  greater  than 


additive  amount  of  DNA  fragmentation  was  detected  in  cells 
treated  with  a  combination  of  celecoxib  and  TRAIL  than  in  cells 
treated  with  either  agent  alone.  As  assessed  by  an  ELISA,  for 
example,  the  levels  of  DNA  fragments  were  0.082  U  (95%  Cl  = 
0.017  U  to  0.147  U)  in  untreated  cells,  0.153  U  (95%  Cl  -  0.074 
U  to  0.233  U)  in  cells  treated  with  TRAIL  alone  at  100  ng/mL, 
0.412  U  (95%  Cl  =  0.166  U  to  0.659  U)  in  cells  treated  with  50 
p,M  celecoxib  alone,  and  1.129  U  (95%  Cl  =  0.617  U  to  1.641 
U)  in  cells  treated  with  the  combination  of  celecoxib  and  TRAIL 
(Fig.  8,  B).  As  assessed  by  the  TUNEL  assay,  TRAIL  alone  at 
100  ng/mL  and  celecoxib  alone  at  50  p,M  induced  32.4%  and 
3.62%  of  cells  to  undergo  apoptosis,  respectively,  but  the  com¬ 
bination  of  celecoxib  and  TRAIL  caused  58.5%  of  cells  to 
undergo  apoptosis  (Fig.  8,  D). 

To  determine  whether  the  combination  of  celecoxib  and 
TRAIL  enhances  caspase  activation  in  a  supra- additive  fashion, 
we  examined  caspase  activation  and  caspase  substrate  cleavage 
in  H358  cells  treated  with  celecoxib  alone,  TRAIL  alone,  and  the 
combination  of  celecoxib  and  TRAIL.  Celecoxib  alone  at  50  p M 
or  TRAIL  alone  at  100  or  200  ng/mL  activated  low  levels  of 
caspases  9,  8,  7,  6,  and  3,  and  apparently  did  not  increase 
cleavage  of  caspase  substrates,  including  Bid,  PARP,  lamin  A/C, 
and  DFF45.  However,  the  combination  of  celecoxib  at  50  p M 
and  TRAIL  at  100  ng/mL  or  200  ng/mL  resulted  in  clearly 
increased  caspase  activation,  as  shown  by  decreased  levels  of 
uncleaved  forms  and/or  increased  levels  of  cleaved  forms  and 
increased  cleavage  of  their  substrates  (Fig.  8,  E).  TRAIL  alone 
at  400  ng/mL  activated  these  caspases  and  increased  cleavage  of 
their  substrates  (Fig.  8,  E,  lane  8);  however,  the  addition  of 
celecoxib  further  increased  both  activities  (Fig.  8,  E,  lane  5). 
Thus,  celecoxib  appeared  to  cooperate  with  TRAIL  to  activate 
both  caspase  8-  and  caspase  9 -mediated  caspase  cascades. 

Discussion 

In  this  study,  we  provided  several  lines  of  evidences  to 
demonstrate  that  the  extrinsic  death  receptor  apoptotic  pathway, 
particularly  that  involving  DR5,  plays  a  critical  role  in  mediating 
celecoxib-induced  apoptosis  in  human  NSCLC  cells.  First,  cele¬ 
coxib  activated  caspase  8,  and  silencing  of  caspase  8  by  caspase 
8  siRNA  abrogated  celecoxib-induced  caspase  activation  and 
DNA  fragmentation,  indicating  that  celecoxib  induces  apoptosis 
in  a  caspase  8 -dependent  manner.  Second,  overexpression  of  a 
dominant  negative  FADDm  suppressed  the  ability  of  celecoxib 
to  decrease  cell  survival  and  to  increase  caspase  activation  and 
DNA  fragmentation,  indicating  that  celecoxib  induces  apoptosis 
through  an  extrinsic  apoptotic  pathway.  Third,  the  expression  of 
DR4  and  particularly  of  DR5  were  induced  in  cells  treated  with 
celecoxib,  and  the  silencing  of  DR5  expression  by  DR5  siRNA 
transfection  blocked  caspase  8  activation  and  decreased  cell  sensi¬ 
tivity  to  celecoxib-induced  apoptosis,  indicating  that  DR5  induction 
contributes  to  celecoxib-induced  caspase  8  activation  and  apoptosis. 
Fourth,  overexpression  of  BCL2  did  not  inhibit  celecoxib-induced 
apoptosis,  suggesting  a  less  important  role  for  the  intrinsic  mito- 
chondria-mediated  apoptotic  pathway  than  for  the  extrinsic  path¬ 
way  in  celecoxib-induced  apoptosis,  at  least  in  NSCLC  cells. 

We  also  found  that  other  NSAIDs  (including  NS398, 
DUP697,  SC-58125,  sulindac  sulfide,  and  SC-560)  increased  the 
expression  of  DR5  and/or  DR4  in  NSCLC  cells  to  various  levels. 
The  ability  of  an  NS  AID  to  increase  the  expression  of  death 
receptors,  particularly  DR5,  is  associated  with  its  ability  to 
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Fig.  8.  Combination  treatments  with  celecoxib 
and  tumor  necrosis  factor-related  apoptosis- 
inducing  ligand  (TRAIL)  and  human  non-small- 
cell  lung  carcinoma  (NSCLC)  cells.  A)  Cell 
survival.  NSCLC  cell  lines,  as  indicated,  were 
cultured  in  96-well  plates  and  treated  on  the 
second  day  with  TRAIL  alone  at  400  ng/mL 
(H358),  300  ng/mL  (A549),  or  25  ng/mL 
(H460),  celecoxib  alone  as  indicated,  or  cele¬ 
coxib  plus  TRAIL.  After  20  hours,  cell  numbers 
were  estimated  by  use  of  the  sulforhodamine  B 
assay,  as  described  (39).  Cell  survival  data  are 
expressed  as  percent  control  dimethyl 
sulfoxide- treated  cells.  Data  are  the  mean  value 
of  four  identical  wells,  and  error  bars  are  the 
95%  confidence  intervals.  B  and  C)  DNA  frag¬ 
mentation  detected  with  an  enzyme-linked  im¬ 
munosorbent  assay  (ELISA).  H358  cells  were 
cultured  in  96- well  plates  and  treated  with  50 
jjl M  celecoxib  alone,  TRAIL  alone  as  indicated, 
or  celecoxib  plus  TRAIL  (B)  or  with  celecoxib 
alone  as  indicated,  TRAIL  alone  at  400  ng/mL, 
or  celecoxib  plus  TRAIL  (C).  After  20  hours, 
cells  were  harvested,  and  DNA  fragmentation 
was  measured  with  the  Cell  Death  Detection 
ELISA  kit  (Roche  Molecular  Biochemicals). 

Data  are  the  mean  value  of  three  identical  wells, 
and  error  bars  are  the  95%  confidence  inter¬ 
vals.  D)  DNA  fragmentation  detected  with  the 
terminal  deoxynucleotidyltransferase-mediated 
UTP  nick-end-labeling  (TUNEL)  assay.  H358 
cells  were  cultured  in  10-cm  dishes  and  treated 
on  the  second  day  with  50  jjl M  celecoxib  alone, 

TRAIL  alone  at  100  or  300  ng/mL,  or  celecoxib 
plus  TRAIL.  After  18  hours,  cells  were  har¬ 
vested,  and  DNA  fragmentation  was  measured 
with  an  APO-DIRECT  TUNEL  kit  (Phoenix 
Flow  Systems)  by  the  manufacturer’s  protocol. 

The  percent  of  apoptotic  cells  with  DNA  frag¬ 
mentation  is  shown.  E)  Apoptosis  detected  by 
cleavage  of  caspases  and  their  substrates.  H358 
cells  were  treated  with  50  jul M  celecoxib  alone, 

TRAIL  alone  as  indicated,  or  the  combination  "  ™  *“FLi3*  *"  M  a  ™ 

of  celecoxib  and  TRAIL  for  16  hours.  Whole  cell  protein  lysates  were  then 
prepared  from  both  detached  (i.e.,  apoptotic  death  cells)  and  attached  cells 
(i.e.,  cells  that  are  undergoing  apoptosis),  and  cleavage  of  caspases  and  their 
substrates  was  detected  by  western  blot  analysis.  CCB  =  celecoxib;  Casp  = 
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induce  apoptosis.  Among  the  NSAIDs  tested,  celecoxib  in¬ 
duced  the  highest  expression  of  both  DR5  and  DR4.  DUP697, 
which  is  structurally  closest  to  celecoxib,  was  almost  as 
active  as  celecoxib  in  inducing  DR5  expression  and  decreas¬ 
ing  cell  survival;  the  level  of  DR4  expression  induced  by 
DUP697,  however,  was  lower  than  that  induced  by  celecoxib. 
Celecoxib  increased  the  level  of  DR5  protein  in  all  four  cell 
lines  tested  but  increased  the  level  of  DR4  protein  in  only  two 
of  the  four  lines  (Figs.  2  and  5).  Thus,  the  induction  of  DR5 
expression  may  be  more  important  than  that  of  DR4  expres¬ 
sion  in  mediating  celecoxib-induced  apoptosis.  This  result 
may  explain  the  association  between  the  ability  of  an  NSAID 
to  induce  DR5  expression  and  its  ability  to  induce  apoptosis. 
At  present,  it  is  not  clear  whether  induction  of  death  receptor 
expression  by  an  NSAID,  such  as  celecoxib,  is  associated 
with  its  ability  to  inhibit  cyclooxygenase  2.  Because  sulindac 
sulfide  and  celecoxib  induce  apoptosis  independent  of  cyclo¬ 
oxygenase  2  levels  and  their  induction  of  DR5  contributes  to 


induction  of  apoptosis,  the  induction  of  death  receptor  ex¬ 
pression  by  celecoxib  and  other  NSAIDs  may  also  be  inde¬ 
pendent  of  their  cyclooxygenase  2  inhibitory  activity. 

Celecoxib  appears  to  increase  the  expression  of  DR5  by 
acting  at  the  transcriptional  level  because  the  transcription  in¬ 
hibitor  actinomycin  D  blocked  the  increased  DR5  expression 
induced  by  celecoxib  and  because  celecoxib  did  not  alter  DR5 
mRNA  stability.  At  present,  the  mechanism  by  which  celecoxib 
increases  DR5  expression  is  unclear.  However,  this  effect  is 
most  likely  p5 3-independent  because  celecoxib  increased  DR5 
expression  regardless  of  the  p53  status  of  the  cells  examined.  We 
showed  that  the  protein  synthesis  inhibitor  cycloheximide  in¬ 
creased  the  level  of  DR5  mRNA  and  further  enhanced  the 
celecoxib-induced  increase  in  DR5  mRNA  expression.  Although 
the  mechanism  of  this  effect  is  unclear,  uncharacterized  proteins 
may  mask  or  inhibit  the  transcription  of  DR5.  Cycloheximide 
may  block  the  synthesis  of  these  proteins  and  consequently 
block  their  suppression  of  DR5  expression. 
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Overexpression  of  BCL2  generally  suppresses  mitochondria- 
mediated  apoptosis  induced  by  many  chemicals  or  small  mole¬ 
cules  (24).  In  our  study,  we  found  that  BCL2  overexpression  did 
not  suppress  celecoxib-induced  apoptosis,  as  has  been  reported 
in  prostate  cancer  cells  (11),  and  that  celecoxib  induced  the  same 
level  of  DR5  expression  in  both  cells  transfected  with  empty 
control  vector  and  cells  transfected  with  BCL2  vector.  These 
results  indirectly  support  a  role  of  a  death  receptor-mediated 
extrinsic  apoptotic  pathway  in  celecoxib-induced  apoptosis  in 
NSCLC  cells.  Jendrossek  et  al.  (17)  have  reported  that  Jurkat  T 
cells  overexpressing  BCL2  were  sensitive  to  celecoxib-induced 
apoptosis,  which  is  consistent  with  our  findings.  However,  in 
contrast  to  our  results  in  NSCLC  cells,  they  found  that  celecoxib 
could  induce  apoptosis  in  Jurkat  T  cells  that  lacked  caspase  8  or 
FADD  but  did  not  induce  apoptosis  in  the  presence  of  a  caspase 
9  inhibitor  and  a  dominant  negative  caspase  9  mutant.  Thus,  in 
Jurkat  T  cells,  celecoxib  appears  to  act  through  a  caspase  9 -me¬ 
diated  mitochondrial  signaling  pathway  that  leads  to  the  induc¬ 
tion  of  apoptosis  independent  of  BCL2-  and  death  receptor- 
mediated  apoptotic  pathways. 

It  should  be  noted  that  the  concentrations  of  celecoxib  used 
by  Jendrossek  et  al.  (75-100  p M)  were  higher  than  the  concen¬ 
trations  used  in  our  study  (50  p M  or  lower).  At  such  high 
concentrations,  celecoxib  might  still  induce  apoptosis  in  cells 
deficient  in  caspase  8  or  FADD  if  the  intrinsic  mitochondrial 
pathway  could  override  the  death  receptor  pathway.  In  our  study, 
overexpression  of  the  dominant  negative  FADDm  only  partially 
suppressed  apoptosis  when  cells  were  treated  by  75  p M  celecoxib 
(Fig.  6,  D).  Celecoxib  may  also  induce  apoptosis  by  cell  type- 
specific  mechanisms  because  other  studies  have  shown  that  BCL2 
overexpression  exerted  different  impacts  on  induction  of  apo¬ 
ptosis  in  different  types  of  cancer  cells.  For  example,  overex¬ 
pression  of  BCL2  failed  to  block  TRAIL-induced  apoptosis  in 
Jurkat  or  myeloma  cells  (44-46)  but  suppressed  TRAIL-induced 
apoptosis  in  human  lung  and  prostate  cancer  cells  (37,47,48). 

FADDm  overexpresssion  apparently  protected  cells  from 
celecoxib-induced  apoptotic  cell  death,  as  indicated  by  the  in¬ 
creased  number  of  floating  or  dead  cells,  the  increased  amount  of 
DNA  fragmentation,  and  increased  level  of  caspase  cleavage  or 
activation  in  celecoxib-treated  cultures  compared  with  untreated 
cells  (Fig.  6,  C,  D,  and  F).  The  FADDm  overexpresssion  appar¬ 
ently  protected  cells  from  celecoxib-induced  apoptotic  cell  death 
as  indicated  by  detecting  the  increase  in  floating  or  dead  cells, 
increase  in  DNA  fragmentation,  and  caspase  cleavage  or  acti¬ 
vation  (Fig.  6,  C,  D,  and  F).  However,  the  protective  effect  of  the 
FADDm  overexpression  on  cell  number  decrease  caused  by 
celecoxib  was  limited  (close  to  20%  protection)  (Fig.  6,  B).  If 
decrease  of  cell  number  is  an  outcome  of  the  mixed  effects  due 
to  growth  arrest  (i.e.,  proliferation  inhibition)  and  apoptotic 
death,  we  expect  only  a  partial  rescue  of  cell  number  decrease, 
even  by  a  substantial  blockade  of  apoptotic  death  unless  cell 
number  decrease  is  caused  purely  by  apoptosis.  Thus,  our  data 
suggest  that  apoptosis  only  partially  accounts  for  cell  number 
decrease  caused  by  celecoxib. 

A  potential  limitation  of  our  study  is  that  the  peak  human 
plasma  concentration  of  celecoxib  after  oral  administration  of  a 
single  dose  of  400-800  mg  ranges  from  3  to  8  \lM  (49,50), 
which  is  considerably  lower  than  the  concentrations  required  to 
induce  apoptosis  in  our  study  with  human  NSCLC  cells  and  in 
other  studies  with  different  types  of  cancer  cells.  Currently,  the 
tissue  level  of  such  a  dose  has  not  been  determined.  Neverthe¬ 


less,  the  approach  of  celecoxib-based  combination  regimens  for 
cancer  chemoprevention  and  therapy  and  identification  of 
celecoxib-derived  novel  anticancer  drugs  with  more  potent  ef¬ 
ficacy  should  be  explored  further. 

Our  findings  that  celecoxib  increases  the  expression  of  death 
receptors  and  increases  TRAIL-induced  apoptosis  indicate  that 
combined  treatment  with  celecoxib  and  TRAIL  or  celecoxib  and 
agonistic  anti-DR4  or  -DR5  antibodies  may  be  therapeutically 
useful  in  certain  cancers.  In  this  study,  we  have  demonstrated 
that  DR5  induction  is  a  critical  event  in  celecoxib-mediated 
apoptosis.  Therefore,  we  suggest  that  induction  of  DR5  expres¬ 
sion  be  explored  further  as  a  possible  predictive  biomarker  for 
evaluating  celecoxib  and  its  derivatives  as  chemopreventive  or 
therapeutic  agents  in  clinical  trials.  Currently,  several  ongoing 
clinical  trials  are  evaluating  celecoxib  alone  or  in  combination 
with  other  agents  for  prevention  or  treatment  of  lung  cancer  (51). 
Celecoxib  is  an  FDA-approved  and  widely  marketed  drug  that 
was  originally  developed  as  an  anti-inflammatory  drug,  not  as  an 
anticancer  drug.  Celecoxib  has  a  simple  chemical  structure  and 
should  be  an  ideal  lead  compound  for  developing  novel  deriv¬ 
atives  with  more  potent  apoptosis-inducing  activity.  In  fact, 
celecoxib  analogs  have  been  developed,  and  the  proapoptotic 
activity  of  some  analogs  is  higher  than  that  of  celecoxib  (52,53). 
We  suggest  that  death  receptor  induction  be  evaluated  as  a  target 
for  screening  novel  celecoxib-based  anticancer  drugs. 
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Abstract  Purpose:  Epidermal  growth  factor  receptor  (EGFR)  tyrosine  kinase  inhibitors  have  been  found  to 
be  effective  against  lung  cancer  in  vitro,  but  clinical  resistance  to  these  agents  has  developed  as 
their  usage  has  increased.  In  this  study,  we  determined  whether  the  insulin-like  growth  factor  I 
( IGF- 1)  signaling  pathway  induces  resistance  of  non -small  cell  lung  cancer  (NSCLC)  cells  to 
the  EGFR  tyrosine  kinase  inhibitor  gefitinib. 

Experimental  Design:  The  effects  of  gefitinib  and  cetuximab  on  NSCLC  cells,  alone  or  with  an 
IGF-I  receptor  (IGF-IR)  inhibitor,  were  assessed  using  the  3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium  bromide  assay,  the  flow  cytometry- based  terminal  nucleotidyl  transfer¬ 
ase-mediated  nick  end  labeling  assay,  coimmunoprecipitation,  and  Western  blot  analysis.  EGFR 
and  IGFR  expression  in  NSCLC  tissues  were  examined  by  Western  blot  analysis. 

Results:  Gefitinib  inhibited  NSCLC  cell  proliferation  by  inducing  apoptosis  when  IGF-IR  signaling 
was  suppressed.  Treatment  with  gefitinib,  but  not  cetuximab,  induced  EGFR:IGF-IR  heterodime¬ 
rization  and  activation  of  IGF-IR  and  its  downstream  signaling  mediators,  resulting  in  increased 
survivin  expression  in  NSCLC  cell  lines  with  high  levels  of  IGF-IR  expression.  Inhibition  of  IGF-IR 
activation  and  knockdown  of  survivin  expression  led  to  increased  apoptosis.  In  contrast,  overex¬ 
pression  of  survivin  protected  cells  with  low  IGF-IR  expression  from  gefitinib-induced  apoptosis. 
Most  NSCLC  tissues  with  EGFR  overexpression  had  associated  high  levels  of  IGF-IR  expression. 
Conclusions:  IGF-IR  expression  may  be  useful  as  a  predictive  marker  for  gefitinib  treatment  of 
NSCLC.  Suppression  of  IGF-IR  signaling  pathways  may  prevent  or  delay  development  of  gefitinib 
resistance  in  patients  with  NSCLC. 


Lung  cancer  is  the  leading  cause  of  cancer-related  death  in  both 
sexes  in  the  United  States  and  throughout  the  world,  and  its 
overall  mortality  rate  has  not  changed  substantially  in  decades 
(1).  Advances  in  the  understanding  of  lung  tumor  biology  and 
oncogenesis  have  provided  several  molecular  targets  for  the 
treatment  of  non -small  cell  lung  cancer  (NSCLC).  Of  these, 
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inhibitors  of  epidermal  growth  factor  receptor  (EGFR)  tyrosine 
kinase  pathways  are  the  most  extensively  studied. 

EGFR  is  overexpressed  in  several  solid  tumor  types,  including 
NSCLC  (it  has  been  found  in  40-80%  of  cases;  ref.  2).  The  EGFR 
signaling  pathway  activates  the  phosphoinositide-3 -kinase/ Akt 
and  mitogen-activated  protein  kinase  (MAPK)  pathways,  which 
mediate  proliferation,  differentiation,  and  survival  in  both 
normal  and  malignant  epithelial  cells  (3,  4).  Activated  EGFR 
also  promotes  angiogenesis,  tumor  cell  motility,  and  invasion 
by  regulating  the  expression  and  activity  of  matrix  metal- 
loproteinases  and  by  interacting  with  components  of  the 
integrin  pathway  (5).  These  findings  indicate  that  EGFR- 
targeted  agents  would  be  effective  against  cancer. 

Small-molecular-weight  EGFR  tyrosine  kinase  inhibitors 
(TKI)  and  anti-EGFR  monoclonal  antibodies  have  been  in 
advanced  clinical  development  (6,  7).  Monoclonal  antibodies 
bind  to  the  extracellular  domain  of  EGFR.  The  EGFR-antibody 
complex  is  subsequently  internalized,  causing  decreases  in 
EGFR  expression  and  heterodimerization  in  a  phosphorylation 
status  -  independent  manner.  Treatment  with  cetuximab,  a 
chimeric  human-mouse  anti-EGFR  monoclonal  immunoglob¬ 
ulin  Gx  (IgGx)  antibody,  has  been  found  to  block  cell  cycle 
progression  by  inducing  Gx  arrest  and  to  inhibit  human  cancer 
xenograft  growth  in  nude  mice  in  vivo  (8)  by  inhibiting  tumor- 
induced  angiogenesis  (9).  Treatment  with  cetuximab  has 
shown  therapeutic  activities  in  patients  with  head  and  neck 
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Fig.  1.  Stimulation  of  IGF-IR  signaling 
pathway  in  gefitinib-resistant  NSCLC  cell 
lines.  A,  results  of  the  MTT assay  of  H460, 
H1299,  A596,  H226B,  H226Br,  H322,  and 
H358  cell  lines  treated  with  the  indicated 
concentrations  of  gefitinib  in  RPM1 1640 
containing  10%  FBS  or  EGF  for  3  d. 
Independent  experiments  were  repeated  at 
least  thrice  each,  and  one  representative 
result  is  shown.  Points,  mean  value  of  eight 
identical  wells  of  a  single  representative 
experiment;  bars,  upper  95%  CIs. 

**,  P  <  0.01  and  ***,  P  <  0.001  for 
comparisons  between  gefitinib-treated  and 
control  cells.  B,  basal  expression  of  EGFR, 
IGF-IR,  p44/42  MAPK,  Akt,  and  their 
phosphorylated  forms  and  PTEN  in  seven 
NSCLC  cell  lines.  C  and  D,  immunoblotting 
of  EGFR,  IGF-IR,  and  their  downstream 
signaling  components  in  H460,  H322  (C), 
H1299,  and  H358  (D)  cells  treated  with 
the  indicated  concentrations  of  gefitinib. 

B  and  C,  Western  blotting  on  p>-actin  was 
included  as  a  loading  control. 


cancer  or  colorectal  cancer  (10,  11).  Unlike  monoclonal 
antibodies,  TKIs  do  not  affect  internalization  of  the  EGF 
receptor  and  are  often  not  EGFR  specific;  thus,  they  affect  the 
kinase  activity  of  other  ErbB  family  receptors.  EGFR  TKIs  block 
the  ATP  pocket  of  EGFR,  thereby  inhibiting  EGFR  phosphor¬ 
ylation  and  downstream  signal  transduction  (12). 

Preclinical  studies  have  shown  that  the  EGFR  TKI  gefitinib, 
when  used  in  combination  with  standard  chemotherapeutic 
agents  or  radiotherapy,  inhibits  EGFR  activation,  causing  Gx 
arrest  and  additive-to-synergistic  growth  inhibition  (6).  How¬ 
ever,  negative  results  from  clinical  trials  (13,  14)  have 
diminished  the  enthusiasm  for  gefitinib  and  indicate  that  a 
better  understanding  is  needed  of  the  mechanisms  of  acquired 
resistance  to  this  drug.  The  effectiveness  of  gefitinib  is  currently 
being  studied  in  a  population  of  patients  who  may  have  a 
biomarker  that  sensitizes  their  tumors  to  gefitinib.  However, 
mechanistic  studies  of  gefitinib  resistance  have  not  been 
completed. 

Because  recent  studies  have  suggested  that  the  insulin-like 
growth  factor  I  receptor  (IGF-IR)  pathway  is  involved  in  NSCFC 
cells'  resistance  to  EGFR-targeting  agents  (15,  16),  we  studied 
whether  the  IGF-IR- mediated  signaling  pathway  influences  the 
NSCFC  response  to  gefitinib  and  cetuximab.  We  also  sought  to 


determine  the  proteins  mediating  survival  of  NSCFC  cells 
against  gefitinib  treatment.  In  the  present  studies,  we  show  that 
treatment  with  gefitinib  but  not  cetuximab  stimulates  the  IGF- 
IR  pathway  and  its  downstream  signaling  mediators  via  the 
EGFR: IGF-IR  heterodimer  and  induces  survivin  expression  that 
protects  NSCFC  cells  from  apoptosis. 


Materials  and  Methods 

Cells  and  reagents.  The  human  NSCLC  cell  lines  H596,  H226B, 
H226Br,  H460,  HI 299,  H358,  and  H322  were  purchased  from  the 
American  Type  Culture  Collection  and  maintained  in  RPMI  1640 
supplemented  with  10%  fetal  bovine  serum  (FBS;  Life  Technologies- 
BRL)  in  a  humidified  atmosphere  with  5%  C02.  EGF  was  purchased 
from  R&D  Systems.  Gefitinib  (AstraZeneca)  was  prepared  as  a  10 
mmol/L  stock  solution  in  DMSO.  Cetuximab  was  obtained  from 
ImClone  Systems  and  prepared  as  a  20  mmol/L  stock  solution. 
AG  1024,  an  IGF-IR  TKI,  was  purchased  from  Calbiochem-Novabio- 
chem.  Adenoviruses,  with  and  without  survivin  (Ad-survivin  and  Ad- 
EV,  respectively),  were  amplified  as  described  previously  (17). 

Cell  proliferation  assay.  To  determine  the  effects  of  gefitinib  and 
AG  1024  on  NSCLC  cell  proliferation,  we  plated  3  x  103  cells  per  well  of 
the  indicated  NSCLC  cell  lines  in  96-well  plates.  The  next  day,  cells  were 
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treated  with  either  0.1%  DMSO  as  a  diluent  control  or  with  different 
concentrations  of  drugs  (0.1-10.0  pmol/L  in  a  final  DMSO  concentra¬ 
tion  of  0.1%)  in  RPMI  with  10%  FBS  or  EGF  (50  ng/mL).  Cell  medium 
was  replaced  with  fresh  medium  containing  gefitinib,  AG  1024,  or  both 
everyday  for  3  days.  At  the  end  of  the  treatment  period,  cell 
proliferation  was  measured  using  the  3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium  bromide  (MTT)  assay.  The  drug  concentrations 
required  to  inhibit  cell  growth  by  50%  were  determined  by  inter¬ 
polation  from  the  dose-response  curves.  Eight  replicate  wells  were  used 
for  each  analysis,  and  at  least  three  independent  experiments  were 
done.  The  data  from  replicate  wells  are  presented  as  the  mean  numbers 
of  cells  remaining,  with  95%  confidence  intervals  (Cl).  To  determine 
the  effect  of  the  combined  dmg  treatments,  any  potentiation  was 
estimated  by  multiplying  the  percentage  of  cells  remaining  (%  growth) 
for  each  agent.  The  classification  index  was  calculated  as  described 
previously  (18).  Supra-additivity  was  defined  as  %  AB/{%  A  x  %  B)  > 
1.0;  additivity  was  defined  as  %  AB/(%  A  x  %  B)  =  0. 9-1.0;  and 
subadditivity  was  defined  as  %  AB/(%  A  x  %  B)  <  0.9.  (In  these 
equations,  A  and  B  are  the  effects  of  individual  agents,  and  AB  is  the 
effect  of  the  combination  of  the  two  drugs.). 

Cell  cycle  and  apoptosis  assays.  For  cell  cycle  and  apoptosis  assays, 
2  x  105  NSCLC  cells  per  well  were  plated  in  six-well  plates.  The 
next  day,  the  cells  were  treated  with  various  concentrations  of  gefitinib 
(5  pmol/L),  AG  1024  (5  pmol/L),  or  both.  Both  adherent  and 
nonadherent  cells  were  harvested,  pooled,  and  fixed  with  1% 
paraformaldehyde  and  70%  ethanol.  To  determine  the  percentages  of 
cells  in  the  phases  of  the  cell  cycle  (Glr  S,  and  G2-M),  we  stained  cells 
with  50  pg/mL  propidium  iodide  and  analyzed  them  with  a  flow 
cytometer  (Epics  Profile  II;  Beckman  Coulter  Inc.)  equipped  with  a  488- 
nm  argon  laser.  Apoptosis  was  assessed  using  a  modified  flow 
cytometry -based  terminal  nucleotidyl  transferase  -  mediated  nick  end 


labeling  (TUNEL)  assay  with  an  APO-bromodeoxyuridine  staining  kit 
(Phoenix  Flow  Systems)  as  described  previously  (19).  Data  from  at  least 
three  experiments  are  presented  as  means  with  95%  CIs. 

Immunoblotting  and  coimmunoprecipitation.  NSCLC  cells  were 
either  left  uninfected  or  infected  with  Ad-EV  or  Ad-survivin  (50 
infection-forming  units)  and  then  left  untreated  or  treated  with  gefitinib 
(1-10  pmol/L),  AG1024  (5  pmol/L),  and  cetuximab  (1-10  pmol/L), 
alone  or  in  combination,  in  growth  medium  that  was  changed  daily. 
For  growth  factor  stimulation,  cells  were  cultured  in  serum-free  medium 
for  1  day  and  then  incubated  with  EGF  (50  ng/mL).  For  small 
interfering  RNA  (siRNA)  transfection,  H460  cells  in  the  logarithmic 
growth  phase  in  six-well  plates  (5  x  105  cells  per  well)  were  transfected 
with  10  pL  of  20  pmol/L  survivin  siRNA  or  control  scrambled  siRNA 
(Dharmacon)  using  LipofectAMINE  2000  (Invitrogen)  according  to  the 
manufacturers  protocol.  Cells  were  incubated  for  24  h  in  growth 
medium,  and  gefitinib  was  added.  Cells  were  harvested  after  3  days  of 
incubation. 

We  did  a  biochemical  analysis  of  14  lung  tumor  and  14  healthy 
adjacent  tissue  specimens  from  patients  with  NSCLC  who  had  been 
treated  at  The  University  of  Texas  M.D.  Anderson  Cancer  Center.  This 
study  was  approved  by  the  M.D.  Anderson  Cancer  Center  Institutional 
Review  Board.  All  tissue  specimens  were  frozen  in  liquid  nitrogen 
immediately  after  being  resected  and  rinsed  in  PBS;  they  were  kept  in 
a  -80  °C  freezer  until  retrieved  for  the  study.  Total  protein  isolation  and 
Western  blot  analyses  were  done  as  described  previously  (20). 

Immunoprecipitation  was  done  using  3  mg  of  protein  from  the  total 
cell  lysates  and  3  pg  of  mouse  monoclonal  anti-EGFR  antibody  (Santa 
Cruz  Biotechnology),  mouse  monoclonal  anti-IGF-IR  antibody  (cdR-3; 
Oncogene  Science),  or  healthy  preimmune  semm  anti-mouse  antibody 
(sc-2025)  as  the  negative  control,  followed  by  incubation  overnight  at 
4°C.  The  immunoprecipitates  were  resolved  by  6%  SDS-PAGE  and  then 


Fig.  2.  Effects  of  combined  blockade  of 
EGFR  and  IGF-IR  pathways  on  NSCLC  cells. 
A,  effects  of  treatment  with  5  i^mol/L 
gefitinib,  5  |amol/L  AG1024,  or  both  on  the 
expression  of  pEGFR  and  pIGF-IR  were 
determined  in  H460  cells  by  Western  blot 
analysis.  p>-Actin  was  used  as  a  loading 
control.  B,  effect  of  targeting  EGFR  and 
IGF-IR  on  cell  proliferation.  H460  cells  were 
treated  with  the  indicated  concentrations  of 
gefitinib,  AG1024,  or  both  in  RPM1 1640 
containing  10%  FBS  for  3  d.  The  results  of 
the  MTTassayare  shown.  Columns,  mean 
value  of  eight  (MTT)  identical  wells  in  a 
single  representative  experiment;  n  =  3. 
Bars,  upper  95%  CIs.  ***,  P  <  0.001  for 
comparisons  between  cells  treated  with  a 
single  drug  or  both  drugs.  C,  effects  of 
treatment  with  the  indicated  concentrations 
of  gefitinib,  AG1024,  or  both  on  the  cell 
cycle  distribution  of  H460  cells.  DNA 
content  was  evaluated  by  propidium  iodide 
uptake,  and  the  percentages  of  cells  in 
specific  phases  of  the  cell  cycle  were 
determined  using  flow  cytometry.  Columns, 
mean  value  of  three  identical  experiments. 
**,  P  <  0.01;  ***,  P  <  0.001.  a  apoptosis  in 
H460  cells  assessed  using  a  modified 
TUNEL  assay.  Two  independent  experiments 
were  done;  the  data  shown  are  from  a  single 
representative  experiment. 
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Table  1.  Synergistic  indices  of  combination  treatment  with  gefitinib  and  AG1024 


Treatment  A  Treatment  B  Combination  treatment  Index* 


Drug 

Concentration 

(pmol/L) 

MGI 

P  value1 

Drug 

Concentration 

(pmol/L) 

MGI 

P  value1 

Expected *  * 

Observed§ 

P  valuet 

Gefitinib 

1 

0.85 

5.3E-05 

AG1024 

1 

0.87 

0.0299 

0.73 

0.69 

0.000124 

1.05 

5 

0.70 

7.5E-07 

0.59 

0.57 

1.3E-09 

1.03 

5 

0.65 

1.9E-09 

1 

0.87 

0.0299 

0.56 

0.50 

8.3E-08 

1.12 

5 

0.70 

7.5E-07 

0.45 

0.44 

1.9E-10 

1.022 

10 

0.59 

4.3E-10 

1 

0.87 

0.0299 

0.51 

0.32 

1.2E-12 

1.59 

5 

0.70 

7.5E-07 

0.41 

0.28 

9.9E-14 

1.46 

NOTE:  H460  cell  proliferation  treated  with  indicated  concentrations  of  gefitinib,  AG1024,  or  their  combinations  was  calculated  by  the  MTT assay. 
Abbreviation:  MGI,  mean  growth  inhibition  rate  =  growth  rate  of  treated  group/growth  rate  of  untreated  group. 

^Calculated  by  dividing  the  expected  growth  inhibition  rate  by  the  observed  growth  inhibition  rate.  An  index  more  than  1  indicates  synergistic 
effect  and  <1  indicates  less  than  additive  effect. 

f  P  value  (two-sided)  was  calculated  by  t  test  compared  with  no  treatment. 

*  Growth  inhibition  rate  of  treatment  A  x  growth  inhibition  rate  of  treatment  B. 

§Growth  inhibition  rate  of  combined  treatment  on  treatments  A  and  B. 


analyzed  by  Western  blot  using  rabbit  polyclonal  antibodies  against 
human  phosphorylated  EGFR  (pEGFR;  Tyr1068),  EGFR,  and  phosphor- 
ylated  IGFR  (pIGF-IR  and  Tyr1131/Tyr1146;  1:1,000;  Cell  Signaling 
Technology);  rabbit  polyclonal  antibodies  against  human  IGFR  (1:500; 
Santa  Cmz  Biotechnology);  rabbit  polyclonal  antibodies  against  human 
phosphorylated  Akt  (pAkt;  Ser473;  1:1,000),  and  Akt  (1:1,000)  and  a 
mouse  monoclonal  antibody  against  human  anti-phosphorylated  p44/ 
42  MAPK  (pp44/42MAPK  and  Thr202/Tyr204;  1:500;  Cell  Signaling 
Technology);  goat  polyclonal  antibodies  against  p44/42  MAPK 
(1:1,000;  Cell  Signaling  Technology);  and  a  rabbit  polyclonal  anti- 
poly(ADP-ribose)  polymerase  antibody  (1:1,000;  VIC  5;  Roche 
Molecular  Biochemicals).  Other  products  used  in  the  Western  blot 
analysis  included  rabbit  polyclonal  caspase-3  (1:1,000),  rabbit  poly¬ 
clonal  antibodies  against  X  inhibitor  of  apoptosis  protein  (XIAP; 
1:1,000;  Cell  Signaling  Technology),  rabbit  polyclonal  antibodies 
against  mammalian  target  of  rapamycin  (mTOR;  1:1,000;  Cell  Signaling 
Technology),  pmTOR  (1:1,000;  Cell  Signaling  Technology),  mouse 
monoclonal  survivin  (1:1,000;  Santa  Cruz  Biotechnology),  goat 
polyclonal  antibody  against  (5-actin  (1:4,000,  Santa  Cmz  Biotechnol¬ 
ogy),  and  rabbit  anti-mouse  IgG-horseradish  peroxidase  conjugate 
(1:2,000;  DakoCytomation). 

Statistical  analysis.  The  MTT  assay  data  were  analyzed  using  the 
Student's  t  test.  Eight  replicate  wells  were  used  for  each  analysis,  and 
data  from  replicate  wells  are  presented  as  mean  values  with  95%  CIs.  At 
least  three  independent  experiments  were  done  to  obtain  each  result, 
and  cell  survival  among  groups  was  compared  using  ANOVA  for  a  2  x  2 
factorial  design.  The  mean  values  from  three  experiments  with  the  eight 
replicates  and  95%  CIs  were  calculated  using  the  SAS  software  (version 
8.02;  SAS  Institute).  In  all  statistical  analyses,  two-sided  P  values  of 
<0.05  were  considered  statistically  significant. 


Results 

Stimulation  of  the  IGF-IR  signaling  pathway  in  gefitinib- 
resistant  NSCLC  cell  lines.  We  determined  the  effects  of 
gefitinib  on  cell  proliferation  in  H596,  H226B,  H226Br, 
H460,  H1299,  H358,  and  H322  cell  lines.  We  treated  cells 
with  gefitinib  in  the  presence  of  10%  FBS  or  50  ng/mL  EGF.  The 
MTT  assay  revealed  that  gefitinib  decreased  NSCLC  cell 
proliferation  in  a  dose-dependent  manner  (Fig.  1A).  H322 
and  H358  cells  were  more  sensitive  to  gefitinib  than  were  the 
other  cell  lines  [H322  in  10%  FBS,  47.5%  (95%  Cl,  41.5- 
53.5%;  P  <  0.001);  H322  in  EGF,  46.8%  (95%  Cl,  40.8-52.8%; 
P  <  0.01);  H358  in  10%  FBS,  52.1%  (95%  Cl,  50.0-54.2%;  P  < 
0.001);  and  H358  in  EGF,  41.6%  (95%  Cl,  37.3-45.9%;  P  < 
0.01)  after  72  h].  The  gefitinib  concentrations  required  to 
inhibit  H596,  H226B,  H226Br,  H460,  and  H1299  cell  growth 
by  50.0%  were  10  to  20  times  higher  than  were  those  for  H322 
and  H358  cells. 

We  next  determined  the  mechanisms  responsible  for  the 
sensitivity  of  NSCLC  cells  to  gefitinib.  We  first  measured  the 
basal  levels  of  EGFR  and  pEGFR  in  the  cell  lines.  As  shown  in 
Fig.  IB,  all  cell  lines  except  H322  had  high  levels  of  EGFR 
expression.  Four  of  these  six  cell  lines  also  had  high  levels  of 
pEGFR  expression,  indicating  that  no  relationship  exists 
between  gefitinib  response  and  EGFR  activation.  Because  of 
the  role  of  phosphatase  and  tensin  homologue  (PTEN)  in 
NSCLC  cells'  resistance  to  EGFR  TKIs  (21),  we  next  determined 


Fig.  3.  Effect  of  gefitinib  on  EGFR: IGF-IR 
heterodimerization  and  activation  of  IGF-IR 
signaling  pathway.  Whole-cell  extracts 
(3  mg)  from  (A)  H460  and  (B)  H322  cells, 
left  untreated  or  treated  with  gefitinib 
(10  and  5  i-imol/L,  respectively)  for  3  d,  were 
immunoprecipitated  {IP)  with  anti-EGFR 
antibodies.  The  immunoprecipitates  were 
subjected  to  Western  blot  analysis  with  the 
indicated  antibodies.  Input  {PC)  represents 
cell  lysates  (30  pig)  that  were  not  subjected 
to  immunoprecipitation.  Control 
immunoprecipitation  was  done  using  mouse 
preimmune  serum. 
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Fig.  4.  Role  of  survivin  in  the  resistance  of 
NSCLC  cells  to  gefitinib.  A,  immunoblotting 
of  survivin  and  XIAP  in  H460  and  H322 
cells  treated  with  the  indicated 
concentrations  of  gefitinib.  B,  effects  of 
treatment  with  5  |amol/L  gefitinib,  5  ^imol/L 
AG1024,  or  both  on  the  expression  of 
survivin  and  XIAP  in  H460  cells.  C  and  Dr 
effect  of  knockdown  of  expression  or 
overexpression  of  survivin  on  H460  and 
H322  cells  treated  with  gefitinib.  H460  cells 
were  transfected  with  scrambled  {scr)  or 
survivin  siRNA  and  left  untreated  or  treated 
with  gefitinib  for  48  h.  H322  cells  were 
infected  with  a  control  virus  (Ad-EVor 
Ad-survivin)  and  incubated  for  3  d  in  the 
presence  of  gefitinib.  The  protein  extracts 
were  subjected  to  Western  blotting  for 
evaluation  of  survivin  and  active  caspase-3. 
E,  Western  blot  analysis  of  survivin 
expression  in  NSCLC  cell  lines  treated  with 
10  i-imol/L  gefitinib.  p>-Actin  was  used  as  a 
loading  control. 


the  level  of  PTEN  protein  expression.  PTEN  was  expressed  in  all 
cell  lines,  suggesting  that  gefitinib  resistance  is  not  caused  by  a 
PTEN  deficiency.  We  then  determined  the  expression  of  IGF-IR, 
pIGF-IR,  Akt,  and  pAkt  and  found  that  most  cell  lines  had  high 
levels  of  IGF-IR  expression,  which  were  associated  with  high 
levels  of  pIGF-IR  expression.  The  levels  of  pIGF-IR,  IGF-IR,  and 
pAkt  expression  were  higher  in  H460,  H1299,  A549,  H226B, 
and  H226Br  cells  than  in  H322  cells,  and  the  levels  of  pEGFR, 
EGFR,  and  pp44/42MAPK  expression  did  not  substantially 
differ  among  these  cell  lines.  H358  cells  also  had  lower  levels  of 
IGFR  expression  than  did  H460,  H1299,  A549,  H226B,  and 
H226Br  cells  (data  not  shown).  The  two  cell  lines  most 
sensitive  to  gefitinib  treatment  (H322  and  H358)  had  the 
lowest  level  of  IGF-IR  expression,  suggesting  that  IGF-IR  is 
involved  in  NSCFC  cells'  sensitivity  to  gefitinib. 

We  selected  four  representative  cell  lines,  two  resistant 
(H1299  and  H460)  and  two  sensitive  (H322  and  H358)  to 
gefitinib,  to  determine  whether  IGF-IR  and  its  downstream 
signaling  components  confer  resistance  to  gefitinib.  We  first 
determined  the  phosphorylated  and  unphosphorylated  levels 
of  IGF-IR,  EGFR,  Akt,  and  mammalian  target  of  rapamycin 
(mTOR)  in  H460  and  H322  cells  after  72  h  of  treatment  with 
gefitinib.  The  treatment  (10  pmol/F  for  H460  cells  and  1  or 
5  pmol/F  for  H322  cells)  resulted  in  the  complete  inhibition  of 
pEGFR  expression,  verifying  gefitinib's  effects  on  EGFR  tyrosine 
kinase  activity  (Fig.  1C).  It  was  surprising  that  the  levels  of 
pIGF-IR,  pAkt,  pp44/42MAPK,  and  pmTOR  expression  in¬ 
creased  in  H460  cells  after  treatment  with  10  pmol/F  gefitinib, 
the  drug  concentration  that  had  completely  suppressed  pEGFR 
expression.  However,  these  proteins  remained  suppressed  in 
gefitinib-treated  H322  cells.  A  gefitinib-induced  increase  in 


pIGF-IR  expression  was  observed  in  HI 299  cells  that  had  high 
levels  of  IGF-IR  expression  but  not  in  H358  cells  with  low  levels 
of  IGF-IR  expression  (Fig.  ID).  Taken  together,  these  findings 
suggest  that  gefitinib  treatment  induces  activation  of  the  IGF-IR 
pathway  and  its  downstream  signaling  components. 

Effects  of  the  combined  blockade  of  the  EGFR  and  IGF-IR 
pathways  on  the  proliferation  of  NSCLC  cells.  To  determine  the 
roles  of  the  IGF-IR  signaling  pathway  in  the  development  of 
gefitinib  resistance,  we  evaluated  the  effects  of  gefitinib  and 
AG  1024,  an  IGF-IR  TKI  (22),  on  the  proliferation  and  apoptosis 
of  H460  cells. 

Treatment  with  gefitinib  and  AG  1024  efficiently  blocked  the 
gefitinib-induced  increase  in  pIGF-IR  expression  in  H460  cells 
(Fig.  2A).  We  observed  more  sensitivity  to  gefitinib  when  we 
simultaneously  treated  H460  cells  with  gefitinib  and  AG  1024 
than  with  either  agent  alone  (Fig.  2B).  In  fact,  the  combined 
treatment  resulted  in  synergistically  enhanced  antiproliferative 
effects  on  H460  cells  [10  pmol/F  gefitinib,  59%  (95%  Cl,  55.9- 
62.1%;  P  <  0.001);  5  pmol/F  AG1024,  70.1%  (95%  Cl,  64.7- 
75.5%;  P  <  0.001);  10  pmol/F  gefitinib  plus  5  pmol/F  AG1024, 
28.5%  (95%  Cl,  26-31%;  P  <  0.001;  Table  1]. 

No  obvious  changes  in  cell  cycle  progression  were  found  in 
H460  cells  that  had  been  treated  with  gefitinib  for  3  days; 
however,  a  decrease  in  the  Gx  phase  population  and  an  increase 
in  the  subG0/Gi  phase  population  were  found  in  those  treated 
with  AG  1024.  Combined  treatment  with  gefitinib  (5  pmol/F) 
and  AG  1024  (5  pmol/F)  for  the  same  duration  led  to  a  decrease 
in  the  S  population,  a  further  decrease  in  the  Gi  population, 
and  an  increase  in  the  subG0/Gi  population  (P  <0.001  for  all; 
Fig.  2C).  Moreover,  TUNEF  staining  of  cells  treated  with 
gefitinib  and  AG  1024  showed  a  marked  increase  in  apoptosis 
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Fig.  5.  Effects  of  cetuximab  on  EGFR: IGF-IR  interaction  in  NSCLC  cells.  A  effect  of 
cetuximab  treatment  on  EGFR: IGF-IR  heterodimerization  and  activation  of  the 
IGF-IR  and  EGFR  signaling  pathways.  Whole-cell  extracts  (3  mg)  from  H460  cells 
were  left  untreated  or  treated  with  cetuximab  (10  and  50|amol/L)  for  3d.  They  were 
then  immunoprecipitated  with  anti-EGFR  antibodies,  and  the  immunoprecipitates 
were  subjected  to  Western  blot  analysis  with  the  indicated  antibodies.  Input 
represents  cell  lysates  (30  |ag)  that  were  not  subjected  to  immunoprecipitation. 
Control  immunoprecipitation  was  done  using  mouse  preimmune  serum  (PS)  as  a 
negative  control.  B,  Western  blot  analysis  of  survivin,  pIGF-IR,  IGF-IR,  pEGFR, 
EGFR,  pAkt,  and  pp44/42MAPK  expression  in  H460  cells  treated  with  cetuximab 
(1, 10,  and  50  |4mol/l_)  for  3  d  in  the  absence  or  presence  of  EGF  (50  ng/mL). 

C,  results  of  the  MTT assay  of  H460  and  H322  cell  lines  after  treatment  with 
cetuximab  in  RPM1 1640  containing  10%  FBS  for  3  d.  Points,  mean  value  of  eight 
identical  wells  of  a  single  representative  experiment;  bars,  upper  95%  CIs. 


(Fig.  2D);  administration  of  5  pmol/L  of  both  gefitinib  and 
AG1024  as  single  agents  induced  apoptosis  in  0.2%  (95%  Cl, 
0.0-2. 8%;  P  >  0.05)  and  30.1%  (95%  Cl,  14.3-37.6%;  P  <  0.05) 
of  cells,  respectively,  whereas  combined  treatment  with 
gefitinib  and  AG  1024  induced  apoptosis  in  more  than  90% 
(95%  Cl,  64.4-89.8%;  P  <  0.001).  These  findings  suggest  that 
the  IGF-IR  pathway  provides  an  alternative  proliferation  or 
survival  mechanism  for  NSCLC  cells  in  which  the  EGFR 
pathway  is  blocked  by  gefitinib  treatment.  Thus,  cotargeting 
the  IGF-IR  and  EGFR  pathways  may  be  an  effective  therapeutic 
strategy  for  NSCLC. 

Gefitinib  induces  heterodimerization  of  IGF-IR  and  EGFR  in 
H460  cells.  EGFR  signaling  can  be  modulated  by  several 
mechanisms,  including  heterodimerization  with  other  mem¬ 
bers  of  the  EGFR  family,  such  as  HER-2,  and  other  growth 
factor  receptors,  such  as  IGF-IR  (15,  16,  23,  24).  We  recently 
observed  increased  heterodimerization  between  EGFR  and 
IGF-IR  in  NSCLC  cells  after  treating  them  with  erlotinib,  an 
EGFR  TKI  (25).  In  the  current  study,  we  determined  the  effects 
of  gefitinib  on  the  interaction  between  EGFR  and  IGF-IR  in 
H460  and  H322  cells.  EGFR  immunoprecipitates  from 
gefitinib -treated  H460  cells  showed  an  obvious  increase  in 
IGF-IR  binding,  whereas  control  immunoprecipitates  that 
had  been  treated  with  preimmune  serum  had  no  immuno- 
reactive  bands  (Fig.  3A).  In  contrast,  both  EGFR  and  control 
immunoprecipitates  from  H322  cells  lacked  immunoreactive 
bands  (Fig.  3B).  These  results  suggest  that  EGFR  and  IGF-IR 
interact  through  physical  contact,  and  that  treatment  with 
gefitinib  increases  the  heterodimerization  of  EGFR  and  IGF-IR 
in  H460  cells. 

Role  of  survivin  in  resistance  of  NSCLC  cells  to  gefitinib.  We 
next  evaluated  the  signaling  mediator  that  connects  gefitinib- 
induced  IGF-IR  pathway  activation  and  H460  cell  survival. 
Because  inhibitors  of  apoptosis  protein  (IAP)  such  as  survivin 
and  XIAP  play  a  role  in  tumor  cells'  resistance  to  chemother¬ 
apeutic  drugs  (26),  we  determined  the  effects  of  gefitinib  on  the 
expression  of  these  proteins  in  H460  and  H322  cells.  As  shown 
in  Fig.  4A,  the  expression  level  of  survivin  but  not  XIAP 
markedly  increased  in  H460  cells  after  treatment  with  gefitinib. 
In  contrast,  no  changes  were  detected  in  the  expression  levels  of 
survivin  or  XIAP  in  these  cells.  Moreover,  treatment  with 
gefitinib  (5  pmol/L)  and  AG  1024  (5  pmol/L)  efficiently 
suppressed  the  gefitinib-induced  increase  in  survivin  expression 
(Fig.  4B).  We  then  evaluated  the  influence  of  survivin  on 
gefitinib-induced  apoptosis  in  NSCLC  cells  by  knockdown  of 
expression  or  overexpression  of  survivin.  H460  cells  transfected 
with  control  scrambled  or  survivin  siRNA  before  treatment  with 
10  pmol/L  gefitinib  (a  concentration  that  did  not  induce 
apoptosis)  had  an  obvious  increase  in  the  rate  of  apoptosis  as 
determined  by  a  Western  blot  analysis  of  an  increase  in 
activated  caspase-3  expression  (Fig.  4C).  Furthermore,  among 
H322  cells  infected  with  Ad-survivin,  the  level  of  gefitinib- 
induced  apoptosis  was  substantially  reduced  (Fig.  4D).  These 
findings  suggest  that  NSCLC  cells  can  escape  apoptosis  by 
inducing  survivin  expression.  To  determine  whether  the 
induction  of  survivin  by  gefitinib  is  related  to  the  resistance 
of  cell  lines  to  the  drug,  we  compared  the  expression  of  survivin 
in  a  subset  of  NSCLC  cell  lines  that  had  been  treated  with  TKI. 
The  five  nonsensitive  or  resistant  NSCLC  cell  lines  (H460, 
H1299,  A596,  226B,  and  226Br  cells)  showed  an  increase  in 
survivin  expression  after  treatment  with  gefitinib;  no  increase 
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Fig.  6.  Expression  of  EGFR  and  IGF-IR  in 
paired  lung  tumor  and  normal  tissue 
specimens  from  patients  with  NSCLC. 
Proteins  were  extracted  from  lung  tumor 
and  healthy  lung  tissue  and  subjected  to 
Western  blot  analysis  to  determine  the 
expression  of  EGFR  and  IGF-IR.  |3>-Actin  was 
used  as  a  loading  control.  The  samples 
marked  with  a  circle  had  increased  IGF-IR 
and  EGFR  expression. 
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was  found  in  the  two  most  sensitive  NSCLC  cell  lines  (H322 
and  H358;  Fig.  4E).  These  results  suggest  that  NSCLC  cells' 
resistance  to  gefitinib  can  be  mediated  by  survivin  induction. 

Effects  of  cetuximab  on  EGFR.IGF-IR  interaction  in  NSCLC 
cells.  We  evaluated  the  effects  of  cetuximab  on  the  interaction 
between  IGF-IR  and  EGFR.  EGFR  precipitates  from  cetuximab- 
treated  H460  cells  showed  no  detectable  binding  to  IGF-IR, 
suggesting  that  cetuximab  suppressed  the  interaction  between 
EGFR  and  IGF-IR  (Fig.  5A).  Moreover,  treatment  with  cetux¬ 
imab  decreased  EGF-stimulated  pEGFR  expression  in  H460 
cells  in  a  dose-dependent  manner,  without  inducing  pIGF-IR, 
pAkt,  pp44/42MAPK,  or  survivin  expression  (Fig.  5B).  A  cell 
proliferation  assay  showed  that  H460  cells  were  more  resistant 
to  the  antibody  than  were  H358  cells  (Fig.  5C).  Overall,  these 
findings  suggest  that  heterodimerization  between  IGF-IR  and 
EGFR,  activation  of  IGF-IR,  and  induction  of  survivin  expres¬ 
sion  are  at  least  partly  responsible  for  the  induction  of  acquired 
resistance  to  EGFR  TKIs,  but  not  to  the  monoclonal  antibody 
against  EGFR  in  NSCLC  cells. 

Expression  of  EGFR  and  IGF-IR  in  human  lung  tissue.  Our 
data  suggested  that  IGF-IR  expression  has  an  important  role  in 
determining  NSCLC  cells'  sensitivity  to  EGFR  TKIs.  Therefore, 
we  determined  the  levels  of  EGFR  and  IGF-IR  expression  in 
NSCLC  tissue.  Nine  of  the  fourteen  tumor  specimens  had 
higher  levels  of  EGFR  expression  than  did  normal  tissue 
specimens  from  the  same  patients.  Eight  of  those  specimens 
also  had  higher  levels  of  IGF-IR  expression  than  those  did  in 
normal  tissue  (Fig.  6). 

Discussion 

We  have  previously  shown  that  erlotinib,  an  EGFR  TKI, 
induces  heterodimerization  of  EGFR/IGF-IR,  resulting  in  the 
activation  of  IGF-IR  and  induction  of  Akt/mTOR-mediated 
synthesis  of  survivin  protein,  which  protects  NSCLC  cells  from 
the  drug-induced  apoptosis  (25).  In  the  present  study,  we  show 
that  the  activation  of  the  IGF-IR  via  heterodimerization  of 
EGFR/IGF-IR  and  consequent  induction  of  survivin  expression 
also  mediate  gefitinib  resistance  in  NSCLC  cells,  confirming 
and  extending  our  previous  findings  (25).  Our  studies  also 
show  that  IGF-IR  pathway  did  not  affect  antiproliferative 
activities  of  cetuximab,  a  monoclonal  antibody  blocking  EGFR. 
Overall,  these  findings  suggest  that  heterodimerization  between 
IGF-IR  and  EGFR,  activation  of  IGF-IR,  and  induction  of 
survivin  expression  contribute  to  the  acquired  resistance  to 
EGFR  TKIs,  but  not  to  the  monoclonal  antibody  against  EGFR 
in  NSCLC  cells. 

In  clinical  trials,  the  EGFR  TKIs,  such  as  erlotinib  and 
gefitinib,  were  found  to  be  effective  in  the  treatment  of  patients 
with  NSCLC  (27,  28).  These  agents  were  approved  for  NSCLC 


treatment  after  resulting  in  response  rates  of  10%  and  survival 
advantages  in  patients  previously  treated  with  chemotherapy 
(29).  However,  large-scale  phase  III  clinical  trials  in  advanced 
NSCLC  have  had  contrasting  results  (13,  14,  29,  30).  In  the 
current  study,  we  found  that  gefitinib  treatment  did  not  inhibit 
NSCLC  cell  proliferation  at  doses  sufficient  to  suppress  EGFR 
activation,  suggesting  that  the  development  of  resistance  to 
EGFR  TKIs  is  caused  by  the  activation  of  alternative  cell  survival 
signaling  mechanisms. 

To  develop  better  anticancer  therapeutic  strategies  using 
gefitinib,  we  sought  to  identify  the  pathways  whereby  NSCLC 
cell  trigger  alternative  survival  signaling.  PTEN  expression  and 
EGFR  and  Kirsten  ras  (KRAS)  somatic  mutation  have  been 
involved  in  the  cellular  response  to  EGFR-targeted  therapy 
(31-33).  Bianco  et  al.  (34)  found  that  the  loss  of  PTEN 
expression  in  the  MDA-468  breast  cancer  cell  line  contributed 
to  gefitinib  resistance.  These  findings  suggest  that  PTEN- 
deficient  cell  lines  maintain  their  Akt  activity  and  survive  when 
EGFR  is  inactivated.  However,  deletion  of  PTEN  does  not 
frequently  occur  in  NSCLC  cells  (31,  35).  In  fact,  all  NSCLC  cell 
lines  used  in  our  study  expressed  PTEN,  suggesting  that 
gefitinib  resistance  in  NSCLC  cells  is  not  caused  by  a  PTEN 
deficiency.  Similarly,  the  NSCLC  cell  lines  without  somatic 
mutations  of  EGFR  responded  to  gefitinib,  which  is  consistent 
with  previously  reported  findings  (36,  37).  Moreover,  in  our 
study,  gefitinib  showed  antiproliferative  effects  on  H358  cells 
that  have  somatic  mutation  in  KRAS  (38).  Together,  these 
findings  indicate  that  expression  of  PTEN  and  mutational  status 
of  EGFR  and  KRAS  are  not  entirely  responsible  for  NSCLC  cells' 
resistance  to  gefitinib. 

Our  in  vitro  data  suggest  that  the  cross-talk  between  the  IGF-IR 
and  EGFR  signaling  pathways  is  involved  in  the  development  of 
gefitinib  resistance  in  NSCLC  cells.  First,  we  found  that  the  levels 
of  IGF-IR  and  pIGF-IR  expression  in  NSCLC  cells  were  inversely 
associated  with  the  antiproliferative  effects  of  gefitinib.  Second, 
gefitinib  induced  phosphorylation  of  IGF-IR  and  its  downstream 
mediators  in  NSCLC  cell  lines  with  high  levels  of  IGF-IR 
expression.  Third,  gefitinib  induced  heterodimerization  between 
IGF-IR  and  EGFR  and  survivin  expression  in  the  high  IGF-IR - 
expressing  H460  cells  but  not  in  the  low  IGF-IR- expressing 
H322  cells.  Finally,  gefitinib  exhibited  apoptotic  activity  in  H460 
cells,  in  which  IGF-IR  activation  was  blocked.  These  NSCLC  cell 
lines  have  shown  a  similar  response  to  the  erlotinib  treatment 
(25).  EGFR  and  IGF-IR  have  similar  extracellular  domain 
structures  (39);  therefore,  it  is  plausible  that  EGFR  TKIs  induce 
a  direct  interaction  between  EGFR  and  IGF-IR,  leading  to  the 
activation  of  IGF-IR  pathways  and  induction  of  survivin 
expression  and,  thus,  maintain  NSCLC  cell  proliferation.  Recent 
reports  showing  a  direct  interaction  between  EGFR  and  IGF-IR 
(40,  41)  also  support  our  hypothesis. 
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The  induced  expression  of  survivin  found  in  our  study 
seemed  to  protect  H460  cell  from  apoptosis  in  the  presence  of 
gefitinib:  survivin  overexpression  protected  H322  cells  from 
gefitinib-induced  apoptosis.  In  addition,  gefitinib  induced 
apoptosis  in  H460  cells,  in  which  transfection  with  survivin- 
specific  siRNA  silenced  survivin  expression.  Survivin  is  a 
member  of  the  IAP  family  and  is  associated  with  both  cancer 
progression  and  drug  resistance  (42,  43).  Therefore,  the 
resistance  and  sensitivity  of  NSCLC  cells  to  gefitinib  may  be 
determined,  at  least  in  part,  by  their  ability  to  activate  the  IGF- 
IR-  mediated  pathway  and  induce  survivin  expression.  Most 
strikingly,  we  found  no  evidence  of  EGFR  and  IGF-IR 
heterodimerization,  IGF-IR  activation,  and  induction  of  survi¬ 
vin  expression  in  H460  cells  after  cetuximab  treatment.  These 
findings  suggest  that  activation  of  the  IGF-IR  pathway  and  the 
subsequent  expression  of  survivin  are  at  least  partly  responsible 
for  the  sensitivity  of  NSCLC  cells  to  EGFR  TKIs  but  not  to  anti- 
EGFR  monoclonal  antibodies. 

In  summary,  we  showed  that  the  cross-talk  between  IGF-IR 
and  EGFR  has  a  specific  role  in  inducing  gefitinib  resistance  in 
NSCLC  cells.  Gefitinib  induced  heterodimerization  of  EGFR  and 
IGF-IR;  stimulated  IGF-IR  and  downstream  pathways,  including 
phosphoinositide-3-kinase/Akt/mTOR  and  p44/42  MAPK;  and 
increased  survivin  expression  in  NSCLC  cell  lines.  Overexpres¬ 
sion  of  the  EGFR  family  and  its  ligands  have  been  found  in  30% 
to  80%  of  NSCLC  (30,  44,  45).  However,  we  found  no 


interaction  between  EGFR  and  IGF-IR  in  NSCLC  cells  with  low 
levels  of  IGF-IR  expression,  suggesting  that  the  basal  level  of  IGF- 
IR  expression  is  important  for  initiating  the  formation  of  the 
EGFR:IGF-IR  complex.  Nine  of  the  fourteen  (64%)  tumor 
specimens  in  our  study  exhibited  higher  levels  of  EGFR 
expression,  and  eight  of  those  had  related  higher  IGF-IR 
expression  compared  with  paired  normal  tissue.  The  number 
of  IGF-IRs  may  determine  the  response  to  IGF-I;  activated  IGF- 
IRs  in  sufficient  numbers  change  the  mode  of  IGF's  effect  from 
nonmitogenic  to  mitogenic,  resulting  in  cell  cycle  progression, 
translation,  and  DNA  synthesis  (46).  Overexpression  of  IGF-IR 
has  been  associated  with  survival  of  NSCLC  patients  treated  with 
gefitinib  (47).  Therefore,  our  newly  identified  mechanism  of 
EGFR  TKI  resistance  could  provide  new  therapeutic  avenues  for 
NSCLC.  Treatment  with  the  anti-EGFR  monoclonal  antibody 
cetuximab  may  be  effective  once  resistance  to  EGFR  TKIs  has 
been  established,  and  the  use  of  combination  regimens  with 
EGFR  TKIs  and  IGF-IR  inhibitors  may  be  effective  at  treating 
NSCLC  in  patients  with  high  levels  of  EGFR  and  IGF-IR 
expression.  However,  the  results  of  an  in  vitro  study  with  a 
limited  number  of  cell  lines  are  not  sufficient  to  generalize  the 
roles  of  the  IGF-IR  signaling  pathway  and  survivin  expression  in 
gefitinib  resistance  in  NSCLC  cells.  Further  clinical  trials  are 
needed  to  determine  whether  combined  treatment  with  EGFR 
TKIs  and  IGF-IR  pathway  inhibitors  enhances  objective 
responses  and  survival  in  patients  with  NSCLC. 
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Abstract 

Epidermal  growth  factor  receptor  (EGFR)  tyrosine  kinase 
inhibitors  (TKIs)  have  been  used  to  treat  non-small  cell  lung 
cancer  (NSCLC).  However,  the  overall  response  rate  to  EGFR 
TKIs  is  limited,  and  the  mechanisms  mediating  resistance  to 
the  drugs  are  poorly  understood.  Here,  we  report  that 
insulin-like  growth  factor-I  receptor  (IGF-IR)  activation 
interferes  with  the  antitumor  activity  of  erlotinib,  an  EGFR 
TKI.  Treatment  with  erlotinib  increased  the  levels  of  EGFR/ 
IGF-IR  heterodimer  localized  on  cell  membrane,  activated 
IGF-IR  and  its  downstream  signaling  mediators,  and  stimu¬ 
lated  mammalian  target  of  rapamycin  (mTOR)-mediated 
de  novo  protein  synthesis  of  EGFR  and  survivin  in  NSCLC 
cells.  Inhibition  of  IGF-IR  activation,  suppression  of  mTOR- 
mediated  protein  synthesis,  or  knockdown  of  survivin 
expression  abolished  resistance  to  erlotinib  and  induced 
apoptosis  in  NSCLC  cells  in  vitro  and  in  vivo .  Our  data 
suggest  that  enhanced  synthesis  of  survivin  protein  mediated 
by  the  IGFR/EGFR  heterodimer  counteracts  the  antitumor 
action  of  erlotinib,  indicating  the  needs  of  integration  of 
IGF-IR-targeted  agents  to  the  treatment  regimens  with 
EGFR  TKI  for  patients  with  lung  cancer.  (Cancer  Res  2006; 
66(20):  10100-11) 

Introduction 

The  5-year  survival  rate  for  lung  cancer  patients  remains 
extremely  poor  (<15;  ref.  1),  underscoring  the  need  for  more 
effective  treatment  strategies.  Recently,  new  therapeutic  ap¬ 
proaches  targeting  signaling  pathways  involved  in  cell  proliferation, 
apoptosis,  angiogenesis,  and  metastasis  have  been  investigated  (2). 
Among  the  many  potential  target  pathways,  the  epidermal  growth 
factor  (EGF)  receptor  (EGFR)  signaling  pathway  has  been  studied 
most  extensively  because  EGFR  overexpression  has  been  observed 
in  a  number  of  solid  tumors,  including  40%  to  80%  of  non- small 
cell  lung  cancers  (NSCLC;  ref.  3).  The  EGFR  signaling  pathway 
activates  the  phosphatidylinositol  3-kinase  (PI3K)/Akt  and  mito¬ 
gen-activated  protein  kinase  (MAPK)  pathways,  which  play  major 
roles  in  cell  proliferation,  survival,  and  transformation  and  in 
therapeutic  resistance  (4,  5).  In  addition,  the  EGFR  pathway  is 
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implicated  in  angiogenesis,  and  cell  invasion  by  its  regulation  of  the 
expression  and  activity  of  matrix  metalloproteinases  (6,  7). 

These  findings  indicate  the  therapeutic  potential  of  inhibitors 
of  EGFR  tyrosine  kinase  activation.  EGFR  tyrosine  kinase  activity 
can  be  inhibited  by  antibodies  against  the  extracellular  domain  of 
EGFR,  such  as  cetuximab,  or  by  small  molecules  that  block  the  ATP 
binding  site  of  the  cytoplasmic  domain,  such  as  gefitinib  (ZD  1839, 
Iressa;  AstraZeneca  Pharmaceuticals,  Macclesfield,  United  King¬ 
dom)  and  erlotinib  (Tarceva®;  OSI  Pharmaceuticals;  Genentech, 
South  San  Francisco,  CA).  Both  forms  of  EGFR  inhibition  have 
single-agent  antitumor  activity  against  previously  treated  NSCLC 
(3,  8-10).  Erlotinib  exhibits  an  antiproliferative  effect  at  nanomolar 
concentrations  and  has  induced  apoptosis  and  reversible  cell  cycle 
arrest  at  Gx  (11).  In  vivo  preclinical  models  have  shown  that 
erlotinib  administration  markedly  reduces  EGFR  autophosphor¬ 
ylation  and  growth  in  human  head  and  neck  cancer  xenografts 
(HN5  and  A431  cells)  in  nude  mice  (11,  12).  In  addition,  gefitinib, 
combined  with  standard  chemotherapeutic  agents  and/or  radio¬ 
therapy  in  preclinical  studies,  has  inhibited  EGFR  activation,  thus 
causing  G1  cell  cycle  arrest  and  contributing  to  synergistic  growth 
inhibition  (13). 

Despite  a  similar  chemical  structure,  these  two  EGFR  tyrosine 
kinase  inhibitors  (TKIs)  have  provided  contrasting  results  in  phase 
III  clinical  trials,  in  which  only  erlotinib  showed  significantly 
improved  survival  compared  with  placebo  (14-16).  The  response  to 
gefitinib  and  erlotinib  has  been  suggested  to  be  associated  with  sex, 
smoking  status,  tumor  histology,  and  somatic  mutations  of  the 
EGFR  ATP  binding  site  (17,  18).  Recent  data  have  suggested  that 
the  insulin-like  growth  factor- 1  receptor  (IGF-IR)  pathway  is  also 
implicated  in  the  resistance  of  gefitinib  and  anti-EGFR  monoclonal 
antibody  (19,  20).  However,  to  our  knowledge,  the  mechanisms 
involved  in  the  IGF-IR-mediated  acquired  resistance  to  erlotinib  in 
NSCLC  cells  have  not  been  completely  defined.  In  this  article,  we 
report  that  erlotinib  induce  EGFR/IGF-IR  heterodimerization  on 
the  cell  membrane,  transmitting  a  survival  signal  through  IGF-IR 
and  its  downstream  mediators  PI3K/Akt  and  p44/42  MAPK  to 
stimulate  mammalian  target  of  rapamycin  (mTOR)-mediated 
synthesis  of  EGFR  and  antiapoptotic  survivin  proteins.  Conse¬ 
quently,  inactivation  of  IGF-IR,  suppression  of  mTOR-mediated 
protein  synthesis,  or  knockdown  of  survivin  protein  renders  EGFR- 
overexpressing  NSCLC  cells  sensitive  to  the  erlotinib  treatment. 

Materials  and  Methods 

Cells,  reagents,  and  animals.  The  human  NSCLC  cell  lines  H596, 
H226B,  H226Br,  H460,  H1299,  A549,  H358,  H661,  and  H322  were  from  the 
American  Type  Culture  Collection  (Manassas,  VA)  and  maintained  in  RPMI 
1640  supplemented  with  10%  fetal  bovine  serum  (FBS;  Life  Technologies, 
Gaithersburg,  MD)  in  a  humidified  atmosphere  with  5%  C02.  IGF  and  EGF 
were  from  R&D  Systems  (Minneapolis,  MN).  Erlotinib  were  prepared  as 
10  mmol/L  stock  solution  in  DMSO  and  stored  at  —  20  °C.  LY294002 
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(an  inhibitor  of  PI3K),  PD98059  (an  inhibitor  of  the  MEK1),  rapamycin,  and 
AG 1024,  a  TKI  of  IGF-IR,  were  from  Calbiochem-Novabiochem  (Alexandria, 
New  South  Wales,  Australia);  these  inhibitors  were  prepared  as  20  mmol/L 
stock  solutions  in  DMSO  and  also  stored  at  —  20  °C.  Adenoviral  vectors 
expressing  survivin  (Ad-survivin;  ref.  21)  or  dnIGF-IR/482  [adenovirus¬ 
expressing,  dominant-negative  IGF-IR  (Ad-dnIGF-IR)],  a  soluble  extracellu¬ 
lar  domain  of  IGF-IR  with  an  engineered  stop  codon  at  amino  acid  residue 
482  (22),  and  control  adenoviral  vector  [adenovirus-expressing  empty 
vector  (Ad-EV)]  were  amplified  as  described  elsewhere  (23).  We  confirmed 
increases  in  the  levels  of  IGF-IR  protein  by  Western  blot  assay  with  an 
antibody  for  the  a-subunit  (anti-IGF-IRa  N-20,  Santa  Cruz  Biotechnology, 
Santa  Cruz,  CA)  using  medium  from  the  cells  that  were  infected  with 
Ad-dnIGF-IR  because  IGF-IR/482  has  been  shown  to  produce  and  release 
the  truncated  a-subunit  of  IGF-IR  into  the  medium  (22).  The  effect  of  the 
combination  of  erlotinib  and  Ad-dnIGF-IR  on  established  s.c.  tumor 
nodules  was  studied  in  athymic  nude  mice  (Harlan  Sprague-Dawley, 
Indianapolis,  IN)  in  a  defined  pathogen-free  environment.  Six-week-old 
female  mice  were  used  in  this  study;  mice  with  necrotic  tumors  or  tumors 
>1.5  cm  in  diameter  were  euthanized. 

Cell  proliferation  assay.  Cells  were  treated  with  erlotinib,  rapamycin, 
LY294002,  PD98059,  AG 1024,  Ad-dnIGF-IR,  Ad-EV,  or  their  combinations  in 
the  absence  or  presence  of  10%  FBS,  EGF  (50  ng/mL),  or  IGF  (50  ng/mL). 
For  the  experiments  with  the  viruses,  cells  were  infected  with  5  and  10 
particle  forming  unit  (pfu)  for  Ad-dnIGF-IR  or  Ad-EV,  in  serum-free  medium 
for  2  hours  and  then  incubated  for  3  days  in  RPMI  medium  supplemented 
with  10%  FBS  in  the  absence  or  presence  of  the  indicated  concentrations  of 
erlotinib.  Cell  proliferation  was  measured  with  the  3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium  bromide  (MTT)  assay.  The  drug  concentrations 
required  to  inhibit  cell  growth  by  50%  were  determined  by  interpolation 
from  the  dose-response  curves.  For  defining  the  effect  of  the  combined  drug 
treatments,  any  potentiation  was  estimated  by  multiplying  the  percentage 
of  cells  remaining  by  each  individual  agent.  The  synergistic  index  was 
calculated  as  previously  described  (24).  In  the  following  equations,  A  and 
B  are  the  effects  of  each  individual  agent,  and  AB  is  the  effect  of  the 
combination.  Subadditivity  was  defined  as  %AB  /  (%A  x  %B)  <  0.9; 
additivity  was  defined  as  %AB  /  (%A  x  %B)  =  0.9- 1.0;  and  supra-additivity 
was  defined  as  %AB  /  (%A  x  %B)  >  1.0. 

Clonogenic  growth  assay.  The  anchorage-dependent  clonogenic  growth 
assay  was  done  by  seeding  NSCLC  cell  lines  into  six-well  plates  at  low 
density  (f^3  x  103  cells  per  well).  Cells  were  either  left  uninfected  or 
infected  with  5  or  10  pfu/cell  of  Ad-dnIGF-IR  or  Ad-EV  incubated  for 
72  hours  with  different  concentrations  of  erlotinib  (0.1,  1.0,  and  5.0  pmol/L), 
AG 1024  (5  pmol/L),  or  combinations  of  the  two  drugs  in  serum-free  RPMI 
medium  in  the  absence  or  presence  of  IGF  (50  ng/mL).  Cells  were  replated 
in  six-well  plates  and  cultured  in  growth  medium  for  7  to  10  days,  in  a 
humidified  atmosphere  with  5%  C02,  at  37  °C,  and  then  colonies  were  fixed 
with  0.1%  Coomassie  blue  (Bio-Rad  Laboratories,  Hercules,  CA)  in  30% 
methanol  and  10%  acetic  acid.  We  then  counted  the  number  of  colonies 
with  >50  cells.  For  the  anchorage-independent  clonogenic  growth  assay, 
~3  x  103  cells  were  suspended  in  0.75  mL  of  0.22%  soft  agar  that  was 
layered  on  top  of  1  mL  of  1%  solidified  agar  in  each  well  of  24-well  plates. 
The  plates  were  then  incubated  for  10  to  15  days  in  serum-free  RPMI  med¬ 
ium  containing  0.1  or  1.0  pmol/L  concentrations  of  erlotinib  in  the  absence 
or  presence  of  10%  FBS  or  IGF  (50  ng/mL).  The  medium  was  changed  daily 
during  this  period,  at  the  end  of  which  tumor  cell  colonies  measuring  at 
least  80  pm  were  counted  under  using  a  dissection  microscope. 

Cell  cycle  and  apoptosis  assays.  For  cell  cycle  and  apoptosis  assays, 
both  adherent  and  nonadherent  cells  were  harvested,  pooled,  and  fixed  with 
1%  paraformaldehyde  and  70%  ethanol.  For  the  cell  cycle  analysis,  we 
stained  cells  with  50  pg/mL  propidium  iodide  and  determined  the 
percentage  of  cells  in  specific  cell  cycle  phases  (Gls  S,  and  G2-M)  by  using 
a  flow  cytometer  equipped  with  a  488  nm  argon  laser  (Epics  Profile  II; 
Beckman  Coulter,  Miami,  FL).  Approximately  1  x  104  cells  were  evaluated 
for  each  sample.  Apoptosis  was  assessed  with  a  flow  cytometry-based 
terminal  deoxyribonucleotide  transferase-mediated  nick-end  labeling 
(TUNEL)  assay  processed  with  an  APO-bromodeoxyuridine  (APO-BrdUrd) 
staining  kit  (Phoenix  Flow  Systems,  San  Diego,  CA);  this  assay  was  modified 


as  previously  described  (25).  Cells  treated  with  DMSO  were  used  as  a 
negative  control,  and  for  a  positive  control,  we  used  the  HL-60  leukemic 
cells  treated  with  camptothecin  provided  with  the  kit. 

Establishment  of  resistant  cell  line.  The  H460  cell  cultures  were 
continuously  exposed  to  erlotinib  (10  pmol/L)  in  routine  culture  medium 
that  was  replaced  every  day  for  5  months.  Initially,  H460  cell  numbers  were 
substantially  reduced,  and  for  the  next  2  months,  the  surviving  cells  were 
passaged  approximately  every  10  days  with  a  seeding  ratio  of  1:2.  Cell 
proliferation  slowly  increased  to  allow  a  passage  every  7  days  with  a  seeding 
ratio  of  1:4  over  the  next  2  months.  A  stable  growth  rate  was  reached  after  a 
total  of  5  months  with  routine  maintenance  of  the  H460/TKI-R  cells 
involving  passage  every  4  days  with  a  seeding  ratio  of  1:8  of  the  confluent 
cell  number. 

Subcellular  fractionation.  The  following  procedures  were  done  at  4°C. 
Cells  were  scraped  into  PBS  [10  mmol/L  sodium  phosphate  (pH  7.4)  and 
150  mmol/L  NaCl]  and  then  collected  by  centrifugation.  Cell  pellets  were 
resuspended  with  1  mL  of  hypotonic  buffer  [10  mmol/L  Tris-HCl  (pH  7.5), 

1  mmol/L  MgCl2,  50  pg/mL  leupeptin,  1  mmol/L  phenylmethylsulfonyl 
fluoride,  and  1  mmol/L  Na3V04];  10  minutes  later,  the  cells  were  transferred 
to  a  Dounce  homogenizer  and  further  disrupted  by  25  strokes  with  a  tight- 
fitting  pestle.  The  homogenate  was  adjusted  to  the  indicated  NaCl 
concentration  from  a  5  mol/L  stock  solution,  and  nuclei  were  removed 
by  centrifugation  at  1,700  x  g  for  5  minutes.  The  postnuclear  supernatant 
was  centrifuged  again  at  10,000  rpm  for  20  minutes  to  remove  the 
mitochondrial  fraction;  the  postmitochondrial  supernatant  was  centrifuged 
at  45,000  x  g  for  60  minutes.  The  supernatant  fraction,  representing  the 
cytosolic  fraction,  was  adjusted  to  1%  NP40  from  a  10%  stock  solution. 
The  pellet,  representing  the  plasma  membrane  fraction,  was  gently  rinsed 
with  1  mL  PBS  and  then  resuspended  in  1  mL  hypotonic  buffer  containing 
1%  NP40. 

Immunoblotting  and  coimmunoprecipitation.  NSCLC  cells  (lx  106 
cells/ 100  mm3  dish)  were  either  left  uninfected  or  infected  with  Ad-EV 
(50  pfu/cell)  or  Ad-survivin  (50  pfu/cell)  and  then  left  untreated  or  treated 
with  various  concentrations  of  erlotinib  (0.1-10.0  pmol/L),  AG1024 
(5.0  pmol/L),  LY294002  (10.0  pmol/L),  PD98059  (10.0  pmol/L),  rapamycin 
(1.0  pmol/L),  or  their  combinations  in  growth  medium  that  was  changed 
daily.  When  growth  factor  stimulation  was  done,  cells  were  cultured  in 
serum-free  medium  for  1  day  and  then  incubated  in  EGF  (50  ng/mL)  or  IGF 
(50  ng/mL)  for  15  minutes.  For  the  small  interfering  RNA  (siRNA) 
transfection,  H460  cells  in  the  logarithmic  growth  phase  in  six-well  plates 
(5  x  105  cells  per  well)  were  transfected  with  10  pL  of  20  pmol/L  survivin 
siRNA  or  control  scrambled  siRNA  (Dharmacon  Research,  Lafayette,  CO) 
using  LipofectAMINE  2000  (Invitrogen,  Carlsbad,  CA),  according  to  the 
protocol  of  the  manufacturer.  After  24  hours  of  incubation  in  growth 
medium,  erlotinib  was  added,  and  the  cells  were  harvested  after  3  days  of 
incubation.  Immunoprecipitations  were  done  using  3  mg  protein  from  the 
total  cell  lysates  and  1  pg  mouse  monoclonal  anti-EGFR  antibody,  mouse 
monoclonal  anti-IGF-IR  antibody  (Oncogene  Sciences,  Uniondale,  NY),  or 
healthy  preimmune  serum  anti-mouse  for  the  negative  control  and  by 
incubating  overnight  at  4°C.  The  immunocomplexes  were  precipitated 
with  protein-G  agarose  (Pharmacia-LKB  Biotechnology,  Piscataway,  NJ). 
The  immunoprecipitates  were  resolved  on  6%  SDS-PAGE  gels,  followed  by 
Western  blotting  as  described  elsewhere  (25). 

Metabolic  labeling.  Metabolic  labeling  was  done  with  H460  and  TKI-R 
cells  (5  x  105  in  six-well  plates).  Cells  were  washed  in  PBS  and  incubated  in 
RPMI  medium  without  methionine  and  cysteine  (Sigma,  St.  Louis,  MO)  for 

2  hours.  Next,  the  medium  was  replaced  with  fresh  medium  containing 
methionine  and  cysteine,  to  final  concentrations  of  150  mg/L,  and  the  cells 
were  labeled  with  trans-35S  (0.5  mCi;  ICN,  MP  Biomedicals,  Irvine,  CA).  The 
cells  were  then  treated  with  0.1%  DMSO  or  erlotinib  (10  pmol/L)  for  1,  3,  6, 
12,  and  24  hours.  At  harvesting  time,  the  cells  were  washed  in  ice-cold  PBS 
and  lysed  in  radioimmunoprecipitation  assay  buffer.  Lysates  containing 
equal  amounts  of  protein  (100  pg)  were  immunoprecipitated  using  1  pg  of 
antibody  to  detect  EGFR  or  1  pg  of  antibody  to  detect  survivin  (both  from 
Santa  Cruz  Biotechnology)  and  30  pL  of  50%  slurry  of  protein  G  agarose 
beads  (Pharmacia-LKB  Biotechnology,  Piscataway,  NJ).  The  immunopreci¬ 
pitates  were  washed  five  times  with  lysis  buffer,  separated  by  SDS-PAGE, 
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and  analyzed  autofluorographically.  Cell  extracts  were  also  subjected  to 
Western  blot  analysis  for  p>-actin  to  ensure  that  equal  amounts  of  protein 
had  been  used.  Two  independent  experiments  were  done  with  similar 
results;  representative  results  of  one  experiment  are  presented. 

Northern  blot  analysis.  H460  cells  (1  x  106  in  10  mm3  plates)  were 
treated  with  erlotinib  (10  pmol/L)  for  different  times  (0,  24,  48,  and 
72  hours).  The  total  cellular  RNA  was  isolated  by  the  application  of  TRIzol. 
For  the  Northern  blotting,  10  pg  of  the  total  cellular  RNA  prepared  from 
each  sample  was  subjected  to  electrophoresis  on  a  1%  agarose  gel 
containing  2%  formaldehyde  and  then  stained  with  ethidium  bromide, 
photographed,  transferred  to  a  Z  probe  membrane  (Bio-Rad  Laboratories), 
and  hybridized  to  an  [a-32P]dCTP-labeled  EGFR  cDNA  probe. 

In  vivo  model.  The  effect  of  the  combination  of  erlotinib  and  Ad-dnlGF- 
IR  on  established  s.c.  tumor  nodules  was  studied  in  athymic  nude  mice 
(Harlan  Sprague-Dawley)  in  a  defined  pathogen-free  environment.  Briefly, 
6-week-old  female  nude  mice  were  irradiated  with  350  rad  from  a  cesium- 
137  source  and  then  were  injected  s.c.  with  1  x  107  H1299  cells  in  100  pL  of 


growth  medium  at  a  single  dorsal  site.  The  mice  were  randomly  assigned 
to  one  of  four  treatment  groups,  with  each  group  containing  eight  mice. 
Group  1  (control  mice)  received  lx  PBS  and  Ad-EV,  group  2  received 
erlotinib  and  Ad-EV,  group  3  received  1  x  PBS  and  Ad-dnIGF-IR,  and  group 
4  received  erlotinib  and  Ad-dnIGF-IR.  Tumor  growth  was  quantified  by 
measuring  the  tumors  in  three  dimensions  with  calipers  for  a  total  of 
35  days.  After  the  tumor  volumes  reached  ~  75  mm3  (considered  day  0),  the 
mice  were  treated  with  p.o.  administered  erlotinib  (100  mg/kg  of  body 
weight)  twice  a  day.  We  chose  this  dosage  of  erlotinib  because  it  had  had  no 
notable  effect  on  H1299  tumor  growth  in  preliminary  experiments  (data  not 
shown).  On  day  23,  when  tumor  volumes  reached  ~  125  mm3,  each  mouse 
was  given  a  single  intratumoral  injection  of  2  x  109  particles  of  Ad-dnIGF- 
IR  or  Ad-EV  in  100  pL  of  PBS.  Mice  with  necrotic  tumors  or  tumors  >1.5  cm 
in  diameter  were  euthanized  immediately.  The  results  were  expressed  as 
the  mean  tumor  volume  ( n  =  5)  with  95%  confidence  intervals  (95%  Cl).  On 
day  35,  all  mice  were  sacrificed  and  tumor  tissues  were  collected  from 
the  xenografts  to  determine  whether  the  combination  of  erlotinib  and 
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Figure  1.  A,  the  MTT  assay  in  NSCLC 
cell  lines  (H460,  HI 299,  H661,  A596,  A549, 
H226B,  H226Br,  H322,  and  H358)  treated 
with  the  indicated  concentrations  of  erlotinib 
in  RPMI  1640  containing  10%  FBS  or  EGF 
for  3  days.  B,  clonogenic  survival  assay 
of  H460  and  H322  cells  treated  with  the 
indicated  concentrations  of  erlotinib. 

C,  anchorage-independent  growth  assay 
of  cells  treated  with  the  indicated 
concentrations  of  erlotinib.  In  (A-C), 
independent  experiments  were  repeated 
thrice.  Columns,  mean  of  eight  (A)  or 
three  (B  and  C)  identical  wells  of  a  single 
representative  experiment;  bars,  upper 
95%  Cl;  **,  P  <  0.01;  ***,  P  <  0.001,  for 
comparisons  between  erlotinib-treated  and 
control  cells.  D,  effects  of  the  indicated 
concentrations  of  erlotinib  on  apoptosis  in 
H322,  H460,  and  H1299  NSCLC  cells, 
assessed  by  a  modified  TUN  EL  assay.  From 
a  single  representative  experiment  ( n  =  2). 
E,  effects  of  the  indicated  concentrations 
of  erlotinib  on  apoptosis-related  enzyme 
expression  in  H322  and  H460  NSCLC  cells. 
The  expression  of  caspase-3,  PARP,  and 
(3-actin  was  assessed  by  Western  blotting. 
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Ad-dnIGF-IR  induced  apoptosis  in  vivo  by  Western  blot  and  immunohis- 
tochemical  analyses  as  previously  described  (23). 

Statistical  analyses.  The  data  acquired  from  the  MTT  assay  were 
analyzed  using  Student’s  t  test.  All  means  and  95%  CIs  from  eight  samples 
were  calculated  using  Microsoft  Excel  software  (version  5.0;  Microsoft 
Corporation,  Seattle,  WA).  Cell  survival  comparisons  among  groups  and 
statistical  significance  of  differences  in  tumor  growth  in  the  combination 
treatment  group  and  in  the  single-agent  treatment  groups  were  analyzed  by 
ANOVA  for  2  x  2  factorial  design.  All  means  from  triplicate  to  eight  samples 
and  95%  CIs  were  calculated  using  SAS  software  (release  8.02;  SAS  Institute, 
Cary,  NC).  In  all  statistical  analyses,  two-sided  P  values  of  <0.05  were 
considered  statistically  significant. 

Results 

Differential  apoptotic  responses  of  NSCLC  cells  after 
treatment  with  erlotinib.  To  test  the  effects  of  EGFR  TKIs  on 
NSCLC  cell  proliferation,  a  subset  of  NSCLC  cell  lines  (H460,  H1299, 
H661,  H596,  H226B,  H226Br,  A549,  H322,  and  H358)  was  treated 
with  erlotinib  in  regular  growth  medium  containing  10%  FBS  or  in 
serum-free  medium  containing  EGF.  A  MTT  assay  revealed  that 
erlotinib  has  different  levels  of  antiproliferative  activities,  depend¬ 
ing  on  cell  lines  (Fig.  L4):  Compared  with  the  other  NSCLC  cell 
lines,  H322  and  H358  cells  were  more  sensitive  to  the  erlotinib 
treatment  (P  <  0.001).  Approximately  1  pmol/L  erlotinib  signifi¬ 
cantly  inhibited  proliferation  of  H322  and  H358  cells  after  72  hours 
of  treatment.  In  contrast,  the  drug  concentrations  required  to 
inhibit  cell  growth  by  50%  for  H460,  H1299,  H661,  H596,  H226B, 
H226Br,  and  A549  cells  were  10  to  20  times  higher  than  those 
needed  to  inhibit  H322  and  H358  cells.  Consistent  with  the  results 
from  the  MTT  assay,  erlotinib  only  slightly  affected  the  anchorage- 
dependent  and  anchorage-independent  colony-forming  abilities 
of  H460  and  H1299  cells  (data  not  shown)  at  concentrations 
<1  pmol/L,  a  concentration  that  significantly  inhibited  those 
abilities  of  H322  (P  <  0.001;  Fig.  IB  and  C;  P  <  0.001)  and  H358  (data 
not  shown)  cells. 

We  next  asked  whether  the  ability  of  1  pmol/L  erlotinib  to  inhibit 
H322  and  H358  cell  proliferation  was  due  to  decreased  cell  cycle 
progression  and/or  increased  apoptosis.  Flow  cytometric  analyses 
of  propidium  iodide-stained  H460,  H1299,  and  H322  cells  revealed 
that  treatment  with  1  pmol/L  erlotinib  for  3  days  resulted  in  no 
marked  change  in  the  cell  cycle  distribution  (data  not  shown). 
However,  fluorescence-activated  cell  sorter  analysis  followed  by 
terminal  deoxynucleotidyl  transferase-mediated  dUTP-biotin  nick- 
end  labeling  (TUNEL)  staining  revealed  induction  of  apoptosis  in 
30.4%  of  the  H322  cells  treated  with  1  pmol/L  erlotinib.  In  contrast, 
treatment  with  up  to  10  pmol/L  erlotinib  did  not  detectably 
increase  the  apoptotic  population  of  HI 299  and  H460  cells 
(Fig.  ID).  In  agreement  with  these  findings,  the  protein  levels  of 
the  active  form  of  caspase-3  (Ac-caspase-3)  and  the  cleaved  form  of 
poly(ADP-ribose)  polymerase  (PARP;  cl-PARP,  the  89  kDa  fragment) 
increased  in  the  H322  cells  treated  with  >0.1  pmol/L  erlotinib  but 
not  in  the  H460  cells,  even  after  treatment  with  10  pmol/L  erlotinib 
(Fig.  IE).  H358  cells  also  responded  with  apoptosis  to  similar 
concentrations  of  erlotinib  (data  not  shown).  Together,  these 
findings  indicated  the  presence  of  mechanisms  that  affect  the 
response  of  NSCLC  cells  to  erlotinib-mediated  apoptosis. 

Role  of  IGF-IR  signaling  pathways  in  the  development  of 
resistance  to  erlotinib  treatment  in  NSCLC  cells.  To  investigate 
the  mechanisms  involved  in  the  sensitivity  of  NSCLC  cells  to 
erlotinib,  we  first  tested  whether  erlotinib  successfully  blocks 
activation  of  EGFR  and  its  downstream  mediators  in  NSCLC  cell 


lines.  Figure  2 A  shows  that  0.1  to  1.0  pmol/L  erlotinib  suppressed 
the  levels  of  phosphorylated  EGFR  (pEGFR),  phosphorylated 
Akt  (pAkt),  and  phosphorylated  p44/42  MAPK  (pp44/42  MAPK) 
in  H460  and  HI 299  cells  (cell  lines  that  are  weakly  sensitive  to 
erlotinib)  and  H322  and  H358  cells  (cell  lines  that  are  very  sensitive 
to  the  drug).  However,  comparable  induction  of  pAkt  and  p44/42 
MAPK  was  evident  in  H460  and  HI 299  cells  after  treatment  with 
>5.0  pmol/L  erlotinib,  doses  that  induce  apoptosis  in  most  of  the 
H322  and  H358  cells.  pAkt  and  p44/42  MAPK  are  located  in  the 
nodal  points  of  growth  factor-mediated  cell  survival  signaling,  and 
the  IGF-IR  pathway  can  modulate  the  action  of  the  erbB  family 
blocking  agents  in  various  cancer  cells  (25-27).  Hence,  we  tested 
whether  IGF-IR  was  involved  in  increases  in  pAkt  and  p44/42 
MAPK.  Indeed,  erlotinib  concentrations  >5.0  pmol/L  induced 
phosphorylated  IGF-IR  (pIGF-IR)  in  H460  and  H1299  cells  but 
not  in  H322  and  H358  cells. 

We  then  studied  the  influence  of  IGF-IR  signaling  pathways  on 
the  response  of  NSCLC  cells  to  erlotinib.  H460  cells  exhibited 
significantly  decreased  proliferation  and  anchorage-dependent  and 
anchorage-independent  colony-forming  abilities  when  the  cells 
were  treated  with  erlotinib  in  serum-free  medium  compared  with 
when  they  were  treated  in  the  presence  of  IGF-I.  H322  cells, 
however,  showed  statistically  significant  sensitivity  to  erlotinib  in 
all  conditions  (Fig.  2 B),  suggesting  that  the  induced  activation  of 
the  IGF-IR  signaling  pathway  allows  NSCLC  cells  to  survive  and 
proliferate  when  the  EGFR  pathway  is  blocked  by  erlotinib 
treatment. 

To  test  our  hypothesis,  we  compare  the  effects  of  erlotinib,  either 
single  or  in  combination  with  AG1024,  an  IGF-IR  TKI,  on  the 
proliferation,  clonogenic  survival  ability,  and  apoptosis  of  H460 
cells.  AG 1024  has  shown  significantly  lower  affinity  for  the  insulin 
receptor  than  for  the  IGF-IR  (26).  Combined  treatment  with 
erlotinib  and  AG 1024  synergistically  enhanced  the  antiproliferative 
effects  of  erlotinib  on  H460  cells  compared  with  single  treatment 
with  each  drug  when  cultured  in  complete  (FBS)  or  serum-free 
medium  in  the  absence  or  presence  of  IGF  (P  <  0.001;  Fig.  2C; 
Supplementary  Table  SI).  Erlotinib  also  showed  significantly  en¬ 
hanced  antiproliferative  properties  in  H460  cells  infected  with  an 
Ad-dnIGF-IR  compared  with  the  control  cells  infected  with 
Ad-EV  ( P  <  0.001;  Fig.  2D).  Moreover,  combined  treatment  with 
erlotinib  and  AG1024  (Fig.  2 E)  or  Ad-dnIGF-IR  (Fig.  2 F)  signifi¬ 
cantly  suppressed  the  anchorage-dependent,  colony-forming  ability 
of  H460  cells  (P  <  0.001;  Supplementary  Table  S2).  Furthermore, 
TUNEL  staining  and  flow  cytometric  analysis  revealed  that  ~  1%  of 
control  H460  cells,  1.2%  of  erlotinib-treated  cells,  and  26%  (95%  Cl, 
14.3-37.6%,  P  <  0.05)  of  AG1024-treated  cells  underwent  apoptosis. 
In  contrast,  combined  treatment  with  both  erlotinib  and  AG  1024 
significantly  enhanced  TUNEL  staining  (77.1%;  95%  Cl,  64.4-89.8%; 
P  <  0.001;  Fig.  2 G)  and  induced  cleavage  of  the  113-kDa  PARP  to  the 
89-kDa  fragment  in  parallel  with  the  concomitant  decreases  in  the 
levels  of  pIGF-IR,  pAkt,  and  p44/42  MAPK  (Fig.  2 H).  These  findings 
suggest  that  the  IGF-IR  pathway  provides  an  alternative  prolifer¬ 
ation  and/or  survival  mechanism  for  NSCLC  cancer  cells  in  which 
EGFR  is  blocked  by  erlotinib. 

Evidence  of  increased  heterodimerization  and  membrane 
localization  of  IGF-IR  and  EGFR  in  erlotinib-treated  H460 
cells.  We  investigated  the  mechanism  underlying  NSCLC  cell 
resistance  to  erlotinib  using  in  vitro  model  of  the  H460  cell  line 
(H460/TKI-R)  that  had  been  continuously  treated  with  erlotinib. 
Treatment  with  >10  pmol/L  erlotinib  decreased  the  number  of 
H460  cells,  but  proliferation  of  the  remaining  cells  gradually 
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increased  after  3  months  of  erlotinib  treatment.  Compared  with  the 
parent  H460  cells,  the  H460  cells  treated  with  10  pmol/L  erlotinib 
for  5  months  (H460/TKI-R)  had  higher  levels  of  pIGF-IR,  pAkt,  and 
pp44/42MAPK,  with  no  detectable  differences  in  the  expression  of 
IGF-IR,  Akt,  and  p44/42MAPK  (Fig.  3 A).  The  dose-response  curves 
in  Fig.  3 B  revealed  no  detectable  cytotoxicity  from  erlotinib 
treatment  of  the  H460/TKI-R  cells  up  to  a  concentration  of 
20  pmol/L,  whereas  inhibition  of  IGF-IR  activation  by  the  AG  1024 
treatment  induced  greater  antiproliferative  effects  on  the  H460/ 
TKI-R  cells  than  it  did  on  the  H460  cells.  Moreover,  compared  with 
a  single  agent,  combined  treatment  with  erlotinib  and  AG  1024 
significantly  suppressed  the  anchorage-dependent,  colony-forming 
ability  of  H460/TKI-R  as  well  as  H460  cells  (P  <  0.001;  Fig.  3C). 
The  effects  of  combined  treatment  with  erlotinib  and  AG 1024  on 
colony  formation  was  greater  in  H460/TKI-R  cells  than  in  H460 
cells,  indicating  the  dependence  of  H460/TKI-R  cells  on  the  IGF-IR 
signaling  pathway  for  maintaining  cell  proliferation  and  tumori- 
genic  potential. 

We  investigated  the  mechanism  of  erlotinib-mediated  activation 
of  IGF-IR  in  H460  cells.  One  mechanism  by  which  the  growth  factor 
receptor  is  activated  in  tumor  cells  is  by  receptor  dimerization; 
another  is  by  overwhelming  negative  regulatory  mechanisms  that 
suppress  receptor  activation.  Recent  studies  have  revealed  the 
interaction  between  the  ErbB  receptor  families  and  IGF-IR  in 
several  tumor  models,  including  breast  cancer  and  oral  cancer  cell 


lines  (19,  28-32).  We,  therefore,  tested  whether  EGFR  interacts  with 
IGF-IR  in  H460/TKI-R  cells  by  performing  immunoprecipitation. 
EGFR  immunoprecipitates  from  H460/TKI-R  cells  showed  greater 
IGF-IR  binding  compared  with  that  from  the  parental  H460  cells 
(Fig.  3D).  Control  immunoprecipitates  using  preimmune  serum 
exhibited  no  immunoreactive  band.  The  interaction  between  EGFR 
and  IGF-IR  was  observed  as  early  as  30  minutes  after  the  erlotinib 
treatment  (Fig.  3 E).  In  contrast,  no  detectable  change  was  observed 
in  the  levels  of  EGFR-EGFR  or  EGFR-ErbB2  interaction  in  H460 
cells  treated  with  erlotinib  for  3  days  (Fig.  3 F,  top).  Similarly, 
IGF-IR  immunoprecipitates  from  erlotinib-treated  H460  cells 
showed  greater  levels  of  EGFR  binding  than  untreated  cells  did 
(Fig.  3 F,  bottom),  whereas  no  detectable  binding  was  observed 
when  the  IGF-IR  immunoprecipitates  were  immunoblotted  to 
ErbB2  or  ErbB3.  Increased  EGFR/IGF-IR  heterodimerization  was 
also  observed  in  H1299  cells  treated  with  10  pmol/L  erlotinib 
(Fig.  3G).  In  contrast,  the  EGFR  and  control  (preimmune  serum) 
immunoprecipitates  from  untreated  or  erlotinib-treated  H322  cells 
exhibited  no  immunoreactive  band.  These  results  suggested  that 
erlotinib  induces  physical  contact  between  EGFR  and  IGF-IR,  which 
is  accumulative. 

Erlotinib  treatment-induced  expression  of  survivin  protein 
protects  NSCLC  cells  from  apoptosis.  We  next  attempted  to  find 
evidence  connecting  erlotinib-induced  activation  of  the  IGF-IR 
with  survival  of  NSCLC  cells.  Because  the  inhibitor  of  apoptosis 
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Figure  2.  A,  immunoblotting  of  the  EGFR,  IGF-IR,  and 
their  downstream  signaling  components  in  NSCLC  cells 
treated  with  indicated  concentrations  of  erlotinib.  Western 
blotting  on  p-actin  is  included  as  a  loading  control.  B,  role 
of  the  IGF-I  on  the  proliferation  and  survival  of  NSCLC 
cells.  Left,  MTT  assay  in  H460  and  H322  cells  incubated 
in  the  serum-free  medium  without  (SF)  or  with  IGF-I 
(50  ng/mL)  in  the  presence  of  indicated  concentrations 
of  erlotinib  for  3  days.  Middle  and  right,  efficacy  of 
the  indicated  concentrations  of  erlotinib  in  inhibiting 
anchorage-dependent  and  anchorage-independent  growth 
of  H460  and  H322  cells,  respectively,  in  serum-free 
and  IGF-dependent  conditions. 
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proteins,  including  survivin  and  XIAP,  decrease  the  sensitivity  of 
tumor  cells  to  chemotherapeutic  drugs,  thereby  conferring 
resistance  to  apoptosis  (21,  33),  we  tested  the  effects  of  erlotinib 
on  the  expression  of  these  proteins  in  a  subset  of  NSCLC  cells  with 
weak  or  great  sensitivity  to  erlotinib.  We  found  that  expression  of 
survivin  but  not  XIAP  markedly  increased  in  H1299,  H460,  H661, 
A549,  A596,  and  226B  cells  (Fig.  4 A,  top )  during  the  time  IGF-IR 
was  phosphorylated  by  the  erlotinib  treatment  (Fig.  4 A,  bottom ).  In 
contrast,  H358  and  H322  cells  showed  no  detectable  changes  in  the 
protein  levels  of  survivin,  XIAP,  and  pIGF-IR  during  the  time  EGFR 
was  inactivated  by  erlotinib  treatment.  Erlotinib  induced  survivin 
expression  in  a  time-  and  dose-dependent  manner  (Fig.  4 B). 
Interestingly,  a  similar  but  less  pronounced  increase  in  EGFR 
expression  was  observed  in  H1299,  H460,  H661,  A549,  H596  H226Br, 
and  H226B,  H460/TKI-R  cells  but  not  in  H358  and  H322  cells. 
Increases  in  the  survivin  and  EGFR  expression  were  also  observed 
in  H460/TKI-R  cells  (Fig.  4C). 

We  then  tested  the  response  of  H460  cells,  in  which  survivin 
expression  was  abolished  by  siRNA  transfection.  Western  blot 


analysis  revealed  an  obvious  increase  in  PARP  cleavage  in  the  460 
cells  by  the  treatment  with  erlotinib  (Fig.  4 D).  Among  H322  cells,  in 
which  survivin  overexpression  was  induced  by  the  infection  with 
Ad-survivin,  the  PARP  cleavage  was  substantially  reduced  after  the 
erlotinib  treatment  (Fig.  4E).  These  results  indicated  that  increased 
expression  of  survivin  protein  protected  NSCLC  cells  from  the 
erlotinib-induced  apoptosis. 

mTOR  pathway  induces  de  novo  protein  synthesis  of  EGFR 
and  survivin  and  protects  NSCLC  cells  from  apoptosis.  We 

investigated  the  mechanisms  of  erlotinib-mediated  increase  in 
survivin  and  EGFR  protein  expression.  According  to  Northern  blot 
analysis,  exposure  of  H460  cells  to  erlotinib  resulted  in  no  change  in 
the  mRNA  levels  of  survivin  (Fig.  5 A)  and  EGFR  (data  not  shown). 
We  then  determined  the  effects  of  erlotinib  on  the  rates  of  survivin 
and  EGFR  protein  synthesis.  Metabolic  labeling  of  the  H460  cells 
with  [35S]Met-Cys  revealed  that  the  rate  of  [35S] labeled  survivin 
(Fig.  5 B)  and  EGFR  (data  not  shown)  synthesis  was  remarkably 
greater  in  the  erlotinib-treated  H460  and  H460/TKI-R  cells  than  in 
the  untreated  parental  H460  cells.  We  then  determined  whether 


Figure  2  Continued.  C  and  D,  effect  of 
targeting  both  the  EGFR  and  the  IGFR-IR 
on  cell  proliferation.  MTT  assay  in  H460 
cells  uninfected  (C)  or  infected  with  5  or 
10  infectious  forming  unit  of  Ad-EV  or 
Ad-dnIGF-IR  (D)  and  treated  with  indicated 
concentrations  of  erlotinib,  AG1024,  or 
their  combination  in  serum-free  RPMI  1640 
containing  10%  FBS  or  IGF  (50  ng/mL)  for 
3  days.  E  and  F,  survival  of  H460  cells 
treated  with  erlotinib  (5  |amol/L),  AG1024 
(5  i^mol/L),  or  their  combination  (E),  or  cells 
infected  with  10  pfu/cell  of  Ad-EV  or 
Ad-dnIGF-IR  and  then  untreated  or  treated 
with  erlotinib  (5  |amol/L;  F)  were  assessed 
by  counting  colonies  consisting  of  >50  cells 
after  10  days  of  growth.  G  and  H,  effects  of 
5  |amol/L  erlotinib,  5  |amol/L  AG  1024,  or 
their  combination  on  apoptosis  (G)  and 
expression  of  pEGFR,  pIGF-IR,  pp44/ 
42MAPK,  and  pAkt  ( H )  were  analyzed  in 
H460  cells  by  a  flow  cytometry-based 
TUNEL  assay  and  Western  blotting.  p-Actin, 
loading  control.  Columns,  mean  value  of 
eight  (MTT)  or  three  (clonogenic  growth 
assay  and  TUNEL  assay)  identical  wells  of  a 
single  representative  experiment  ( n  =  3); 
bars,  upper  95%  Cl  (B-G).  ***,  P  <  0.001 
for  comparisons  between  cells  treated  with 
drug  combination  and  cells  treated  with 
single  agent. 
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mTOR  is  involved  in  the  erlotinib-induced  protein  synthesis  of 
survivin  and  EGFR  by  determining  the  levels  of  phosphorylated 
4E-BP1  and  p70s6k,  downstream  mediators  of  mTOR  (27,  34),  in  the 
H460  cells  treated  with  erlotinib  alone  or  in  combination  with 


rapamycin,  an  mTOR  inhibitor,  or  AG1024  for  3  days.  Western 
blot  analysis  revealed  that  erlotinib  up-regulated  the  protein 
levels  of  p4E-BPl,  pp70s6k  in  association  with  increases  in 
survivin  and  EGFR  expression,  all  of  which  were  suppressed  by 
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Figure  3.  A,  Western  blot  analysis  of  indicated 
protein  expressions  in  H460  and  H460/TKI- 
resistant  (H460/TKI-R)  cells.  B,  MTT  assay  on 
the  proliferation  of  H460  and  H460/TKI-R  cells 
treated  with  erlotinib  (1-20  |amol/L)  or  AG  1024 
(1-10  |amol/L).  Cells  treated  with  0.1%  DMSO 
were  included  as  a  control  (0).  C,  survival  of 
H460  and  H460/TKI-R  cells  treated  with  erlotinib 
(5  |amol/L),  AG1024  (5  |amol/L),  or  their 
combination.  Columns,  mean  value  of  eight 
(MTT)  or  three  (clonogenic  assay)  identical 
wells  of  a  single  representative  experiment 
(n  =  3);  bars,  upper  95%  Cl  ( A  and  B). 

***,  P  <  0.001  compared  with  control. 

D  to  G,  coimmunoprecipitation  was  done 
for  the  interaction  between  EGFR  and 
IGF-IR.  Whole-cell  extracts  from  H460  and 
H460/TKI-R  cells  (D)  or  H460  cells,  HI 299, 
and  H322  cells  untreated  or  treated  with  erlotinib 
(10  |amol/L)  for  30  minutes  (E)  or  3  days 
(E-G)  were  immunoprecipitated  (IP)  with 
anti-EGFR  or  anti-IGF-IR  antibodies.  The 
immunoprecipitates  were  subjected  to  Western 
blot  analysis  with  indicated  antibodies.  Input 
(PC)  represents  cell  lysates  that  were  not 
subjected  to  immunoprecipitation.  Control 
immunoprecipitation  was  done  using  control 
mouse  preimmune  serum  (PS). 
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Figure  4.  A  and  B,  Western  blot  analysis 
on  the  survivin,  XIAP,  pIGF-IR,  IGF-IR, 
pEGFR,  EGFR  protein  expression  in 
indicated  NSCLC  cell  lines  treated  with 
erlotinib  (1-10  ^mol/L)  for  1  ( B )  or  3  (A,  B) 
days.  C,  Western  blot  analysis  on  the 
survivin  and  EGFR  protein  in  H460  TKI/R 
cells.  D,  effect  of  the  knockdown  of  survivin 
expression  on  H460  cells  in  the  presence 
of  erlotinib.  H460  cells  transfected  with 
scramble  ( scr )  or  survivin  siRNA 
( si-survivin ),  untreated  and  treated  for 
48  hours  with  erlotinib  (10  |amol/L),  were 
subjected  to  protein  extraction  and  Western 
blotting  for  evaluation  of  caspase-3 
(pro-caspase-3)  and  PARP.  Loading  control: 
(3-actin.  E,  effects  of  overexpression  of 
survivin  in  erlotinib-induced  apoptosis  in 
H322  cells.  H322  cells  were  infected  with 
50  pfu/cell  of  control  virus  (Ad-EV)  or 
Ad-survivin  and  incubated  for  3  days  in  the 
presence  of  erlotinib  (1  ^mol/L).  Protein 
extract  was  subjected  to  Western  blotting 
for  evaluation  of  survivin,  caspase-3 
(pro-caspase-3),  and  PARP.  Loading 
control:  (3-actin. 
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treatment  with  AG1024  or  rapamycin  (Fig.  5 C).  Moreover,  the 
combined  treatment  with  AG 1024,  LY294002  (PI3K  inhibitor), 
PD98059  (MEK  inhibitor),  or  rapamycin  reduced  the  levels  of 
membranous  EGFR  expression  (Fig.  5 D)  and  of  the  EGFR  and 
IGF-IR  heterodimer  (Fig.  5 E)  induced  by  the  3  days  treatment  of 
erlotinib.  These  findings  suggested  that  the  increases  in  the  levels 
of  EGFR/IGF-IR  heterodimer  on  cell  membrane  and  protein 
expressions  of  survivin  and  EGFR  were  mediated  at  least  in  part 
through  translation-dependent  events  mediated  by  IGF-IR  signal¬ 
ing  pathways.  We  then  tested  whether  inhibitors  of  the  IGF-IR 
and  mTOR  pathways  sensitize  the  H460  cells  to  the  erlotinib 
treatment.  H460  cells  treated  with  erlotinib  and  AG1024  (Fig.  2G 
and  H)  or  rapamycin  (Fig.  5 F)  showed  an  increase  in  the  PARP 
cleavage,  suggesting  that  suppression  of  IGF-IR  and  mTOR 
pathways  could  restore  the  apoptotic  activities  of  erlotinib  in 
NSCLC  cells. 

Antitumor  efficacy  of  dual  targeting  of  EGFR  and  IGF-IR 
signaling  pathways  in  vivo .  To  determine  whether  the  inhibition 
of  IGF-IR  signaling  can  enhance  the  antitumor  activities  of 
erlotinib  in  vivo,  we  tested  the  effects  of  erlotinib,  Ad-dnIGF-IR, 


and  their  combination  on  the  growth  of  H1299  NSCLC  xenograft 
tumors  established  in  athymic  nude  mice.  The  mice  treated 
with  erlotinib  plus  Ad-dnIGF-IR  showed  synergistically  reduced 
tumor  growth  compared  with  the  control  mice  or  the  mice  treated 
with  erlotinib  or  Ad-dnIGF-IR  alone  (Fig.  6 A;  Supplementary 
Table  S3).  At  the  end  of  the  study,  the  mean  tumor  volume  in 
combined  treatment  group  was  23%  ( P  <  0.001)  of  the  mean 
volume  in  the  control  group.  Thus,  the  combination  of  erlotinib 
and  Ad-dnIGF-IR  enhanced  the  antitumor  effects  on  the  growth  of 
NSCLC  cells  in  vivo. 

We  then  determined  the  effects  of  erlotinib,  Ad-dnIGF-IR,  and 
their  combination  on  the  activation  of  the  IGF-IR  and  EGFR,  the 
expression  of  survivin  and  EGFR,  and  the  induction  of  apoptosis 
in  vivo.  According  to  Western  blot  analysis  of  total  protein  extracts 
harvested  from  the  H1299  xenograft  tumor  tissues,  the  levels  of 
pEGFR  were  decreased  by  erlotinib.  In  addition,  erlotinib  treatment 
induced  marked  increases  in  the  levels  of  pIGF-IR,  EGFR,  and 
survivin,  all  of  which  were  effectively  blocked  by  Ad-dnIGF-IR 
(Fig.  6 B).  Combined  treatment  with  erlotinib  and  Ad-dnIGF-IR  also 
increased  the  levels  of  Ac-caspase-3,  which  is  confirmed  by  the 
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immunohistochemical  staining  of  the  HI 299  xenograft  tumor 
tissues  (Fig.  6 C).  Together,  these  findings  suggested  that  the 
combined  treatment  with  erlotinib  and  Ad-dnIGF-IR  exert 
enhanced  in  vivo  antitumor  activities  by  decreased  expression  of 
survivin  and  EGFR  and  induction  of  apoptosis. 

Discussion 

Several  preclinical  and  clinical  discoveries  have  associated  EGFR 
TKIs  with  antitumor  activities.  However,  the  limited  response  rates 
of  patients  to  EGFR  TKIs,  even  in  patients  with  high  levels  of  EGFR 
(15,  16,  35),  have  been  raising  questions  about  the  mechanisms 
leading  to  the  EGFR  TKI  resistance.  Although  somatic  mutations  of 
the  EGFR  ATP  binding  site  have  been  associated  with  the  response 
to  the  EGFR  TKIs  in  some  cases  (17,  18),  increasing  number  of 
evidence  have  suggested  that  the  presence  of  other  pathways  that 
mediate  the  resistance  of  cancer  cells  to  EGFR  TKI  therapy  (36,  37). 
In  this  article,  we  have  shown,  to  our  knowledge  for  the  first  time, 
that  erlotinib  induces  survival  of  NSCLC  cells  by  inducing 
heterodimerization  of  EGFR/IGF-IR,  activating  IGF-IR  pathway 
and  its  downstream  mediators  Akt  and  p44/42  MAPK,  and  thus 
stimulating  mTOR-mediated  protein  synthesis  of  survivin  that 
plays  a  crucial  role  in  the  blocking  apoptosis.  We  showed  here  that 
the  blockade  of  the  IGF-IR  to  mTOR  signaling  pathway  was 
sufficient  to  suppress  de  novo  survivin  protein  synthesis  and  to 
restore  apoptotic  activities  of  erlotinib  in  NSCLC  cells  in  vitro  and 
in  vivo.  Our  data  present  clear  evidence  that  crosstalk  between  the 
IGF-IR  and  the  EGFR  signaling  pathways  and  consequential 


survivin  expression  are  involved  in  the  NSCLC  cell  resistance  to 
erlotinib.  The  erbB2/Her2/neu,  a  known  preferred  coreceptor  for 
the  EGFR,  has  been  suggested  to  play  a  role  in  inducing  NSCLC  cell 
survival  against  EGFR  TKIs  (28).  However,  we  found  that  the  erbB2/ 
Her2/neu  was  inactivated  by  the  EGFR  TKIs  in  NSCLC  cells  (data 
not  shown),  consistent  with  previous  reports  (38).  In  addition,  an 
interaction  between  IGF-IR  and  erbB2  was  undetectable,  regardless 
of  erlotinib  treatment.  Therefore,  erbB2/Her2/neu  is  not  likely  to 
have  a  role  in  inducing  EGFR  TKI  resistance  in  NSCLC  cells. 

We  investigated  the  detailed  mechanism  that  mediates  IGF-IR 
activation  by  erlotinib  and  the  consequent  development  of  drug 
resistance.  Given  that  gefitinib-resistant  DU145/TKI-R  prostate 
cells  have  shown  considerably  higher  basal  levels  of  IGF-II  mRNA 
than  wild-type  cells  (19),  erlotinib  might  have  increased  the 
expression  of  IGF  and  conferred  resistance  to  the  drug  to  NSCLC 
cells.  However,  in  gefitinib-resistant  breast  cancer  cell  lines,  the  IGF 
II  mRNA  level  did  not  differ  from  that  of  the  original  clone  (19), 
indicating  that  autocrine/paracrine  production  is  not  entirely 
responsible  for  the  sensitivity  of  the  cell  to  EGFR  TKIs.  Perhaps 
our  most  striking  finding  was  that  in  H460  and  HI 299  cells, 
erlotinib  induced  heterodimerization  between  IGF-IR  and  EGFR. 
The  interaction  between  EGFR  and  IGF-IR  also  has  been  observed 
in  cancer  cells  (29-31).  Given  the  considerable  similarity  between 
EGFR  and  IGF-IR  in  the  sequence  of  their  extracellular  domain  (39) 
and  their  reliance  on  EGF  and  IGF  to  achieve  cell  cycle  progression 
and  survival,  it  is  plausible  that  erlotinib-mediated  IGF-IR/EGFR 
heterodimerization  can  stimulate  intracellular  signaling  compo¬ 
nents  in  a  distinct  pattern  and  allow  NSCLC  cells  to  resist  the  drug. 
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Figure  5.  A,  Northern  blot  analysis  on  survivin  mRNA  in 
H460  treated  with  erlotinib  (10  |amol/L)  for  1,  2,  or  3  days. 
B,  survivin  and  EGFR  protein  synthesis  evaluated  by 
metabolic  labeling  in  untreated  460  cells,  H460  cells 
treated  with  erlotinib  (10  i^mol/L),  and  H460TKI-R  cells. 
Cell  extracts  were  also  subjected  to  Western  blot  analysis 
for  (3-actin  to  ensure  that  equal  amounts  of  protein  were 
used.  C,  expression  of  phosphorylated  p70S6K  (pp70S6k), 
p70S6K,  phosphorylated  4EBP1  (p4EBP1),  4EBP1 , 
survivin  and  EGFR  in  H460  cells  treated  with  erlotinib 
(10  |amol/L),  either  single  or  in  combination  with  AG1024 
(5  i^mol/L)  or  rapamycin  (1  ^mol/L),  for  3  days.  D  and  E, 
effects  of  erlotinib  in  combination  with  AG  1024,  LY294002, 
PD98059,  or  rapamycin  on  the  plasma  membrane  (PM) 
localization  of  EGFR  (D)  and  on  the  interaction  between 
EGFR  and  IGF-IR  (E).  p-Actin,  control  for  cytosol  fraction; 
Na/K  ATPase,  control  for  plasma  membrane  fraction. 

F,  effect  of  combined  treatment  with  erlotinib  (10  |dmol/L) 
and  rapamycin  (1  ^imol/L)  for  3  days  on  apoptosis  in  H460 
cells.  Protein  extract  was  subjected  to  Western  blotting 
for  the  evaluation  of  pro-caspase-3  and  PARP.  Loading 
control:  p-actin. 
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Figure  6.  Effects  of  combined  treatment  with  erlotinib  and  recombinant  Ad-dnIGF-IR  on  growth  of  HI 299  NSCLC  xenograft  tumors  in  athymic  nude  mice.  The  mice 
were  randomly  assigned  to  one  of  four  treatment  groups,  with  each  group  containing  five  mice.  Group  1  (control  mice)  received  1  x  PBS  and  Ad-EV,  group  2  received 
erlotinib  and  Ad-EV,  group  3  received  1  x  PBS  and  Ad-dnIGF-IR,  and  group  4  received  erlotinib  and  Ad-dnIGF-IR.  A,  effect  of  erlotinib  (40  mg/kg  body  weight, 
administered  p.o.  twice  daily)  on  tumor  volume.  When  tumor  volume  was  ~  125  mm3,  mice  were  treated  with  Ad-IGF-IR  or  Ad-EV  (control)  in  100  jaL  PBS.  Points,  mean 
tumor  volume  ( n  =  5)  with  95%  Cl;  bars,  SE.  **,  P  <  0.01,  ***,  P  <  0.001  for  comparisons  between  drug-treated  and  control  cells  for  each  series  of  experiments. 

B,  effects  of  erlotinib  and  Ad-dnIGF-IR  on  the  expression  of  pEGFR,  EGFR,  pIGF-IR,  IGF-IR,  survivin,  and  pro-caspase-3  and  Ac-caspase-3  in  NSCLC  xenograft 
tumors,  assessed  by  Western  blotting.  p-Actin  =  loading  control.  C,  effects  of  combined  erlotinib  and  Ad-IGF-IR  on  expression  of  Ac-caspase-3.  Tissues  were 
stained  with  H&E.  Representative  section  from  each  condition.  D,  schematic  model  of  resistance  mechanism  to  erlotinib. 


Previous  studies  have  shown  the  ability  of  erlotinib  to  induce  EGFR 
mRNA  and  protein  expression  in  the  erlotinib-resistant  biliary  tract 
cancer  cell  line  HuCCTl  but  not  in  the  susceptible  A431 
epidermoid  cell  line  (40).  In  current  study,  we  found  that  erlotinib 
induces  mTOR-mediated  de  novo  protein  synthesis  of  survivin  and 
EGFR  with  no  detectable  change  in  their  mRNA  levels,  indicating 
diverse  responses  of  different  cancer  cells  to  erlotinib.  Our  results 
may  explain  some  apparently  paradoxical  findings  in  several 
clinical  trials  (41),  in  which  up-regulation  of  pEGFR  was  observed 
after  treatment  of  breast  cancer  patients  with  erlotinib.  In  another 
report,  modifications  of  EGFR  serum  values  during  treatment  of 
NSCLC  seemed  to  reflect  gefitinib  activity;  responding  patients 
showed  decreased  serum  levels  of  EGFR  relative  to  those  in 


patients  with  refractory  disease  (42).  Our  data  also  show  the  critical 
role  of  the  induced  survivin  proteins  in  the  development  of 
resistance  to  erlotinib;  ( a )  survivin  expression  was  induced  in 
NSCLC  cell  lines  with  weak  sensitivity  to  the  erlotinib  treatment; 
( b )  overexpression  of  survivin  protected  the  sensitive  NSCLC  cells 
from  erlotinib-induced  apoptosis;  and  (c)  knockdown  survivin 
expression  by  siRNA  provoked  apoptosis  in  NSCLC  cells  with  weak 
erlotinib  sensitivity.  mTOR  has  been  known  to  regulate  the 
translation  of  subsets  of  mRNA,  many  of  which  encode  for  proteins 
involved  with  driving  cell  growth,  proliferation,  and  angiogenesis 
(43).  Therefore,  resistance  and  sensitivity  to  erlotinib  in  NSCLC 
may  be  determined  at  least  in  part  by  the  ability  of  the  cancer  cells 
to  stimulate  mTOR-mediated  synthesis  of  specific  proteins  that 
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have  key  roles  in  cell  proliferation  and/or  survival  and  thus  to 
adapt  to  a  stressful  environment. 

In  summary,  our  findings  provide  definitive  in  vitro  and  in  vivo 
evidence  that  erlotinib  induces  heterodimerization  of  the  EGFR/ 
IGF-IR  and  stimulates  IGF-IR  and  downstream  pathways,  including 
PI3K/Akt,  MEK/extracellular  signal-regulated  kinase  (ERK),  result¬ 
ing  in  the  mTOR-mediated  increases  in  EGFR  and  survivin 
proteins.  On  the  basis  of  these  findings,  it  is  plausible  to  suggest 
that  increased  EGFR  proteins  further  enhance  the  interplay 
between  the  EGFR  and  IGFR  on  the  cell  membrane,  resulting  in 
a  further  amplification  of  IGF-IR  to  mTOR  signaling.  In  addition, 
the  increased  survivin  proteins  seem  to  provide  survival  potential 
to  the  NSCLC  cells  against  the  erlotinib  treatment  (Fig.  6 D). 

Our  findings  have  direct  effect  to  the  treatment  of  NSCLC  with 
erlotinib.  The  data  showing  no  detectable  interaction  between 
EGFR/IGF-IR  in  NSCLC  cell  lines  with  low  levels  of  IGF-IR 
expression  suggests  that  the  expression  of  IGF-IR  is  an  important 
factor  for  the  EGFR  and  IGF-IR  complex  and  erlotinib  sensitivity. 
Therefore,  IGF-IR  expression  may  serve  as  a  predictor  for  erlotinib 
resistance  in  NSCLC.  IGF-IR  signaling  pathway  also  plays  a  key  role 
in  the  resistance  to  several  therapeutic  drugs  (12,  27,  44-47). 
Overexpression  of  IGF-IR  has  been  observed  in  various  human 
cancers,  including  lung  cancer  (48),  and  is  associated  with  a  poor 
prognosis  (49).  Importantly,  our  unpublished  data  showed  that 


clinical  samples  from  NSCLC  patients  revealed  that  the  majority  of 
EGFR-overexpressing  samples  showed  correlative  increases  in 
IGF-IR  protein  levels  compared  with  their  paired  normal  counter¬ 
parts  from  the  same  patients.  With  this  prospect,  IGF-IR- targeting 
combination  treatment  may  be  required  when  erlotinib  is  consi¬ 
dered  as  a  therapeutic  agent  for  NSCLC  patients.  Alternatively, 
mTOR  inhibitors  could  confer  benefit  to  erlotinib-resistant 
patients.  In  light  of  this  notion,  we  have  shown  that  combined 
treatment  with  erlotinib  and  inhibitors  of  IGF-IR  or  mTOR 
suppressed  survivin  and  EGFR  expression,  decreased  proliferation 
of  NSCLC  cells,  and  induced  apoptosis  in  NSCLC  cells  in  vitro  and 
in  vivo.  Further  studies  are  warranted  to  validate  whether  the 
erlotinib  combined  with  inhibitors  of  IGF-IR  or  mTOR  inhibitors 
could  enhance  the  objective  response  and  survival  rates  in  NSCLC 
patients. 
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Identification  of  Insulin-Like  Growth  Factor  Binding  Protein-3 
as  a  Farnesyl  Transferase  Inhibitor  SCH66336 -Induced 
Negative  Regulator  of  Angiogenesis  in  Head  and 
Neck  Squamous  Cell  Carcinoma 

Seung-HyunOh,1  Woo-Young  Kim,1  Jai-Hyun  Kim/MaherN.  Younes,2  Adel  K.  El-Naggar,3  Jeffrey  N.  Myers,2 
Merril  Kies,1  Pinchas  Cohen,4  Fadlo  Khuri,5  Waun  K.  Hong/and  Ho-Young  Lee1 


Abstract  The  farnesyl  transferase  inhibitor  (FTI)  SCH66336  has  been  shown  to  have  antitumor  activities 
in  head  and  neck  squamous  cell  carcinoma  (HNSCC)  in  vitro  and  in  vivo.  However,  its  mecha¬ 
nism  of  action  has  not  been  well  defined.  Here,  we  report  that  the  insulin-like  growth 
factor  (IGF)  binding  protein  (IGFBP)-3  mediates  antitumor  activities  of  SCH66336  in  HNSCC 
by  inhibiting  angiogenesis.  SCH66336  significantly  suppressed  HNSCC  tumor  growth  and 
angiogenesis  via  mechanisms  that  are  independent  of  H-Ras  and  RhoB.  By  inducing  IGFBP-3 
secretion  from  HNSCC  cells,  this  compound  suppresses  angiogenic  activities  of  endothelial  cells, 
including  vessel  formation  in  chorioallantoic  membranes  of  chick,  endothelial  cell  sprouting  from 
chick  aorta,  and  capillary  tube  formation  of  human  umbilical  vascular  endothelial  cells  (HUVEC). 
Knockdown  of  IGFBP-3  expression  in  HNSCC  cells  by  RNA  interference  or  depletion  of  IGFBP-3 
in  HUVECs  by  neutralizing  antibody  effectively  blocked  the  effects  of  IGFBP-3  secreted  from 
SCH66336-treated  HNSCC  cells  on  HUVECs.  These  findings  suggest  that  IGFBP-3  could  be  a 
primary  target  for  antitumor  activities  of  FTIs  and  that  IGFBP-3  is  an  effective  therapeutic 
approach  against  angiogenesis  in  HNSCC. 


Despite  advances  in  therapy,  including  surgery,  chemothera¬ 
py,  and  radiation,  the  survival  rate  of  patients  with  head  and 
neck  squamous  cell  carcinoma  (HNSCC)  has  not  improved 
substantially  (1).  Conventional  treatments  have  targeted 
tumor  cells  alone.  In  patients  with  HNSCC,  however,  the 
primary  tumor  has  metastasized  to  regional  lymph  nodes, 
distant  organs,  or  both  by  the  time  the  diagnosis  is  made 
(2,  3).  Angiogenesis  is  an  essential  step  in  the  transition  of 
a  tumor  from  a  small  cluster  of  mutated  cells  to  a  large, 
malignant  growth  and  subsequent  metastasis  to  other  organs 
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throughout  the  body  (4-6).  It  has  been  hypothesized, 
therefore,  that  the  development  of  agents  targeting  tumor 
angiogenesis  could  be  an  effective  strategy  to  control  and  treat 
various  malignancies. 

Increasing  number  of  evidence  implicate  insulin-like  growth 
factor  (IGF)  binding  proteins  (IGFBP)  in  regulating  angio¬ 
genesis.  IGFBPs  modulate  the  bioactivity  of  IGFs  by  seques¬ 
tering  IGFs  away  from  their  receptors  in  the  extracellular 
milieu,  thereby  regulating  the  stimulating  action  of  IGF  on 
angiogenesis  and  invasion  (7).  Some  IGFBPs,  however,  in 
particular  IGFBP-3,  also  have  exhibited  more  active,  IGF- 
independent  antitumor  activities,  which  are  probably  mediated 
by  other  cell  surface  receptors,  such  as  the  type  V  trans¬ 
forming  growth  factor-p.  receptor  (8-11).  IGFBP-3  has 
recently  been  identified  as  an  IGF-independent  inhibitor  of 
vascular  endothelial  growth  factor- induced  endothelial  cell 
proliferation  (12). 

While  searching  for  agents  that  have  antianiogenic  activities 
in  HNSCC  cells,  we  found  that  farnesyl  transferase  inhibitors 
(FTI),  especially  SCH66336  (Lonafarnib,  Sarasar)  that  has 
shown  to  induce  tumor  regression  in  vitro  and  in  vivo ,  inhibit 
angiogenic  activities  of  HNSCC  cells  by  inducing  IGFBP-3 
expression.  FTIs  were  originally  designed  to  inhibit  posttrans- 
lational  activation  of  Ras  by  blocking  farnesylation  (13).  Recent 
studies  suggest,  however,  that  the  cytotoxic  actions  of  FTIs  are 
due  not  to  the  inhibition  of  Ras  proteins  exclusively  but  to  the 
modulation  of  other  targets,  including  RhoB,  a  G  protein  that 
regulates  receptor  trafficking;  the  centromere-binding  proteins 
CENP-E  and  CENP-F;  and/or  other  proteins  that  have  not 
yet  been  identified  (14).  Our  results  show  that  SCH66336 
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induced  expression  of  IGFBP-3  protein,  which  in  turn  blocked 
the  PI3K/Akt  pathway,  resulting  in  the  induction  of  apoptosis  in 
vascular  endothelial  cells  and  regression  of  HNSCC  tumor 
growth  and  angiogenesis. 

Materials  and  Methods 

Cells,  animals,  and  materials.  Human  HNSCC  cell  lines  UMSCC38, 
UMSCC22B,  and  SqCC/Yl,  established  originally  by  Dr.  Michael  Reiss 
(Yale  University,  New  Haven,  CT)  and  Dr.  Thomas  Carey  (University 
of  Michigan,  Ann  Arbor,  MI),  respectively,  were  obtained  from 
Dr.  Reuben  Lotan  (M.D.  Anderson  Cancer  Center,  Houston,  TX). 
(15).  Human  non -small  cell  lung  cancer  (NSCLC)  cell  lines  H460, 
Calul,  and  H358  were  purchased  from  the  American  Type  Culture 
Collection  (Manassas,  VA).  These  cells  were  cultured  in  DMEM 
supplemented  with  10%  fetal  bovine  semm  and  antibiotics.  Human 
umbilical  vascular  endothelial  cells  (HUVEC;  Cambrex  BioScience, 
Walkersville,  MD)  were  maintained  in  a  gelatin-coated  dish  in 
endothelial  cell  basal  medium  (Cambrex  BioScience)  containing  en¬ 
dothelial  cell  growth  supplement  at  37 °C  in  a  humidified  environ¬ 
ment  with  5%  C02.  HUVECs  used  in  this  study  were  from  passages 
2  to  7.  Female  nude  mice,  6  weeks  of  age,  were  purchased  from 
Harlan-Sprague-Dawley  (Indianapolis,  IN).  Chick  eggs  were  obtained 
from  Charles  River  Laboratories  (Wilmington,  MA). 

Expression  vectors  containing  pH-ras-V12  or  pRhoB-GG  were  kindly 
given  by  Dr.  George  C.  Prendergast  (Thomas  Jefferson  University, 
Philadelphia,  PA).  Bovine  serum  albumin,  gelatin,  and  3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  were  obtained 
from  Sigma-Aldrich  (St.  Louis,  MO).  IGF-1  and  Des(l-3)IGF  were 
purchased  from  R&D  Systems  (Minneapolis,  MN).  Amicon  Ultra-4 
was  obtained  from  Millipore  Co.  (Bedford,  MA).  Cell  culture  inserts 
incorporating  PET  membranes  (6.4-mm  diameter,  8-pm  pore  size)  and 
24-well  plates  were  from  Costar  (Cambridge,  MA).  Anti-pIGF-lR 
antibodies  were  purchased  from  Cell  Signaling  Technology  (Beverly, 
MA).  Antibodies  against  IGFBP-2,  IGFBP-6,  IGF-1R,  H-Ras,  RhoB, 
a-tubulin,  and  anti-|2>-actin  were  purchased  from  Santa  Cmz  Biotech¬ 
nology,  Inc.  (Santa  Cmz,  CA),  and  anti-CD31  antibody  was  obtained 
from  BD  PharMingen  (San  Diego,  CA).  Anti-IGFBP-3  antibody  was 
from  Diagnostic  Systems  Laboratories,  Inc.  (Webster,  TX).  SCH66336 
was  provided  by  Schering-Plough  Research  Institute  (Kenilworth,  NJ). 
FTI-277  was  purchased  from  Calbiochem  (San  Diego,  CA).  SCH66336 
and  FTI-277  were  dissolved  in  DMSO  at  various  concentrations  to 
establish  dose  responses.  Synthetic  small  interfering  RNAs  (siRNA) 
targeting  H-Ras  or  RhoB  were  purchased  from  Ambion  (Austin,  TX), 
and  IGFBP-3  and  nonspecific  control  siRNA  were  from  Dharmacon 
(Lafayette,  CO). 

To  test  the  effects  of  conditioned  medium  on  proliferation  of 
vascular  endothelial  cells,  HUVECs  were  plated  at  3  x  103  per  well  in 
96-well  culture  plates,  untreated  or  preincubated  with  IgG  or  IGFBP-3 
neutralizing  antibody,  and  then  treated  with  conditioned  medium 
(10  jag)  from  the  HNSCC  cells.  Cell  proliferation  was  measured  using 
the  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  assay, 
as  previously  described  (16). 

In  experiments  assessing  the  effects  of  SCH66336  on  protein  and 
mRNA  expression,  HNSCC  and  NSCLC  cell  lines  (1  x  106  in  100-mm3 
dishes)  were  treated  with  different  concentrations  of  SCH66336 
(0.5,  1,  or  5  pmol/L)  for  indicated  time  periods  in  complete  medium. 
When  the  effects  of  SCH66336  on  pIGF-lR  were  tested,  cells  were 
semm  starved  for  1  day  and  stimulated  with  IGF-I  (100  ng/mL,  for 
30  minutes)  before  harvest.  For  siRNA  transfection,  UMSCC38  cells 
were  plated  at  concentrations  of  1  x  106  per  well  in  10-cm  plates.  The 
next  day,  the  cells  were  transfected  with  siRNA  using  Oligofectamine 
(Invitrogen,  Carlsbad,  CA)  and  cultured  in  growth  medium  with  or 
without  SCH66336  (5  pmol/L).  One  day  after  transfection,  cells 
were  changed  to  serum-free  medium  containing  the  same  concentra¬ 
tion  of  SCH66336.  After  2  days  of  incubation,  cells  and  conditioned 


media  were  collected.  When  HUVECs  were  treated  with  conditioned 
media  from  UMSCC38  cells,  1  x  105  per  well  in  six- well  plates  were 
treated  with  conditioned  media  in  endothelial  cell  basal  medium 
in  the  absence  or  presence  of  IGFBP-3  neutralizing  antibody  for 
12  hours. 

Conditioned  medium.  To  collect  conditioned  media  from 
UMSCC38  cells,  UMSCC38  cells  (1  x  106  per  plate)  in  10-cm  plates 
were  incubated  in  growth  medium  containing  SCH66336  (0.5,  1, 
or  5  pmol/L)  for  1  day,  washed  with  PBS,  and  then  resupplied  with 
serum-free  medium  containing  the  same  concentrations  of  SCH66336. 
After  2  days  of  incubation,  conditioned  medium  was  collected  and 
subjected  to  centrifugation  through  an  Amicon  Ultra-4  filter  to  remove 
any  traces  of  SCH66336.  Concentration  of  the  conditioned  medium 
was  measured  by  the  bicinchoninic  acid  assay  (Pierce  Biotechnology, 
Rockford,  IL).  The  molecular  mass  cutoff  of  the  filter  was  5  kDa; 
the  molecular  mass  of  SCH66336  is  0.56  kDa,  thus  the  flow-through 
containing  excess  SCH66336  was  discarded,  and  the  retentate  was 
collected.  Removal  of  SCH66336  from  the  conditioned  medium  was 
determined  as  previously  described  (17).  The  final  filter  retentate 
was  concentrated  40-fold  for  several  analyses,  including  Western  blot, 
HUVEC  proliferation  and  tube  formation,  chick  aortic  arch,  and 
chorioallantoic  membrane  assays. 

Animal  care  and  injections.  All  animal  procedures  were  done  in 
accordance  with  a  protocol  approved  by  the  Institutional  Animal  Care 
and  Usage  Committee.  Orthotopic  sublingual  injections  of  tumor  cells 
were  described  elsewhere  (18).  Female  nude  mice  (6-week-old)  under 
anesthesia  were  injected  with  UMSCC38  cells  (2  x  106)  into  the  lateral 
tongue  (n  =  5).  One  week  later,  when  tumors  started  to  develop, 
40  mg/kg  of  SCH66336  or  20%  hydroxyl-propyl-|3>-cyclodexatrin 
control  vehicle  was  given  orally  twice  a  day  for  3  weeks.  Thirteen 
days  after  cell  injection,  when  tumors  reached  at  least  50  mm3  in 
volume,  tumor  size  was  measured  twice  a  week  for  15  days.  Tumor 
growth  was  quantified  by  measuring  the  tumors  in  two  dimensions 
and  calculating  volume  as  described  elsewhere  (16).  One  week  later, 
when  tumors  started  to  develop,  the  mouse  food  was  replaced  by 
commercially  available  soft  food  (transgenic  mice  dough;  Bio-serv, 
Frenchtown,  NJ),  which  the  mice  can  ingest  even  when  the  oral  cavity 
was  blocked  by  tumor.  The  mice  were  humanely  killed  by  C02 
inhalation  when  they  had  lost  >20%  of  their  preinjection  body  weight 
(average  18.92  g).  The  tongues  were  removed  and  separated  into 
two  parts.  One  part  was  fixed,  embedded  in  paraffin,  and  sectioned  for 
active  caspase-3  staining.  The  other  part  was  frozen  and  sectioned  for 
CD31  staining. 

Western  blot  analysis.  Preparation  of  whole-cell  lysates,  quantifica¬ 
tion  of  the  proteins,  gel  electrophoresis,  and  Western  blotting 
were  done  as  described  elsewhere  (19).  Equal  amounts  of  proteins 
in  conditioned  medium  samples  were  confirmed  by  Coomassie  blue 
staining  of  the  duplicate  gels  and  Ponceau  staining  of  membrane. 

Immunohistochemistry.  Immunohistochemical  analysis  on  IGFBP-3 
was  done  using  tongue  tumor  tissues  from  mice  as  described  elsewhere 
(17).  For  CD31  staining,  frozen  sections  of  tumor  tissues  were  stained 
with  anti-CD31  antibody  (BD  PharMingen;  1:100  dilution)  and  then 
detected  by  3,3'-diaminobenzidine. 

Chick  aortic  arch  assay.  Chick  aortic  arch  assay  was  done  as 
described  elsewhere  (20).  Briefly,  conditioned  media  collected 
from  UMSCC38  cells  were  added  to  aortic  rings  from  14-day-old 
chick  embryos.  The  plates  were  incubated  for  48  hours  at  37 °C  to  allow 
microvessel  sprouting  from  the  adventitial  layer.  Average  sprouting 
was  measured  with  the  imagej  program  (NIH)  after  the  plates  were 
photographed  under  the  stereomicroscope  (Zeiss,  Gottingen,  Germany). 
Each  condition  was  tested  in  six  wells.  The  experiment  was  repeated 
thrice  with  similar  results. 

Tube  formation  assay.  Tube  formation  assay  was  done  as  described 
elsewhere  (21).  HUVECs  (5  x  104)  were  seeded  on  Matrigel  surfaces 
and  grown  in  the  absence  or  presence  of  conditioned  media  from 
different  treatment  groups.  After  18  hours,  images  were  photographed 
at  x40  magnification,  and  tube  formation  was  scored  by  blinded 
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observer  as  follows:  a  three-branch  point  event  was  scored  as  one  tube, 
as  described  elsewhere  (21).  Each  condition  was  tested  in  six  wells.  The 
experiment  was  repeated  thrice  with  similar  results. 

Chorioallantoic  membrane  assay.  Chorioallantoic  membrane  assay 
was  conducted  on  9 -day-old  chick  embryos  as  described  elsewhere 
(21).  A  coverslip  loaded  with  50  pg  of  conditioned  medium  was 
applied  onto  the  surface  of  the  chorioallantoic  membrane.  After  2  days 
of  incubation,  a  fat  emulsion  was  injected  into  the  chorioallantoic 
membrane  to  allow  visualization  of  the  blood  vessels,  and  chorioal¬ 
lantoic  membranes  were  photographed  with  a  stereomicroscope. 

Reverse  transcription-PCR.  Total  RNA  was  isolated  from  cells  with 
the  use  of  Trizol  reagent  (Invitrogen).  cDNA  was  synthesized  as 
previously  described  (17).  Reverse  transcription-PCR  was  done  by 
coamplification  of  the  genes  together  with  a  reference  gene  ( GAPDH ) 
using  cDNA  template  generated  as  already  described  and  corresponding 
gene-specific  primer  sets.  The  primer  sequences  were  as  follows:  5'- 
GAAGGGCGACACTGCnTlTC-3'  (sense)  and  5'-CCAGCTCCAGGAAA- 
TGCTAG-3'  (antisense)  for  IGFBP-3 ;  5'-CAAGAGTGCGCTGACCATCC-3' 
(sense)  and  5,-CCGGATCTCACGCACCAAC-3/  (antisense)  for  H-ras; 
5'-GCGTGCGGCAAGACGTCTG-3'  (sense)  and  5'-TCATAGCACCTTG- 
CAGCAGTT-3'  (antisense)  for  rho-B;  5'-GGTGAAGGTCGG- 
T GT G AAC G G ATTT - 3 '  (sense)  and  5'-AATGCCAAAGTTGTCAT- 
GGATGACC-3'(antisense)  for  GAPDH.  To  avoid  amplification  of 
genomic  DNA,  the  primers  of  each  gene  were  chosen  from  different 
exons.  Reverse  transcription-PCR  was  done  in  a  total  volume  of  25  pL 
containing  1  pL  of  cDNA  solution  and  0.2  pmol/L  of  sense  and  antisense 
primers.  The  reverse  transcription-PCR  exponential  phase  was  deter¬ 
mined  on  28  to  38  cycles  using  cDNAs  developed  from  identical 
reactions.  The  thermocycler  condition  used  for  amplification  was  as 
follows:  6  minutes  at  94 °C  (one  cycle),  6  minutes  hot  start  at  94 °C, 
45  seconds  at  56°C  to  60°C  (25-35  cycles),  and  1  minute  at  72°C 
(one  cycle).  Amplification  products  (8  pL)  were  resolved  in  2%  agarose 
gel,  stained  with  ethidium  bromide,  and  visualized  in  a  transilluminator 
and  photographed. 

Immunoprecipitation.  Equal  amounts  of  protein  samples  were 
incubated  with  anti-pTyr  antibody  and  protein  A-Sepharose  overnight 
and  washed  with  lysis  buffer  thrice  and  2x  PBS  twice.  Proteins  were 
eluted  with  4x  SDS  loading  buffer.  Samples  were  boiled  and  subjected 
to  electrophoresis  on  SDS-polyacrylamide  gels,  and  binding  was 
detected  by  using  an  enhanced  chemiluminescence  assay  (Amersham 
Pharmacia  Biotech,  Piscataway,  NJ). 

Northern  blot  analysis.  Total  cellular  RNA  was  prepared,  as 
previously  described  (22).  Twenty  micrograms  of  total  RNA  were 
subjected  to  electrophoresis  in  denaturing  agarose  gels  and  transferred 
to  a  Zeta-probe  membrane  (Bio-Rad  Laboratories,  Hercules,  CA). 
Membranes  were  hybridized  with  [32P]dCTP  random-primed  IGFBP-3 
cDNA,  washed,  and  subjected  to  autoradiography.  An  equal  amount 
of  RNA  loading  was  monitored  by  ethidium  bromide  staining  of 
the  gels. 

Luciferase  assay.  Cells  were  seeded  in  24-well  tissue  culture  plates 
and  transfected  with  500  ng  of  IGFBP-3  reporter  plasmid  (pGL2  or 
pGL2-BP3)  and  20  ng  of  Renilla  luciferase  control  vector  (pRL-SV40) 
using  LipofectAMINE  (Life  Technologies/Bethesda  Research  Laborato¬ 
ries,  Grand  Island,  NY).  The  total  amount  of  plasmid  DNA  was  equally 
adjusted  with  vector  DNA.  The  transfection  solution  was  removed 
after  6  hours  of  transfection,  and  the  cells  were  changed  to  complete 
medium  with  or  without  different  concentrations  of  SCH66336. 
Following  2  days  of  incubation,  cells  were  harvested.  The  cells  were 
washed  with  PBS  and  subjected  to  lysis  in  0.1  mL  of  lx  passive  lysis 
buffer  (Promega,  Madison,  WI).  Cell  extracts  were  assayed  for  firefly 
and  Renilla  luciferase  activities  using  the  Dual-luciferase  reporter  assay 
system  according  to  the  manufacturer's  instmction  (Promega).  Firefly 
luciferase  activities  were  normalized  by  Renilla  luciferase  activities. 
Luciferase  activities  were  expressed  as  the  means  and  SD  from  three 
identical  wells. 

Statistical  analysis.  Data  are  shown  as  means  ±  SD.  For  statistical 
significance  between  groups,  the  paired  Student's  t  test  was  done. 


Results 

SCH66336  inhibits  angiogenic  activities  of  HNSCC.  We 
tested  the  effects  of  SCH66336  on  HNSCC  tumor  growth  by 
establishing  orthotopic  tongue  tumors  of  UMSCC38  HNSCC 
cells  in  nude  mice  and  treating  the  mice  with  SCH66336. 
Representative  tongue  tissues  from  a  healthy  mouse  (Normal), 
and  tongue  tumors  from  SCH66336-untreated  (Con)  and 
SCH66336-treated  mice  (SCH66336)  are  shown  (Fig.  1A). 
Oral  treatment  with  SCH66336  (40  mg/kg)  almost  completely 
suppressed  tumor  growth  (P  <  0.005).  On  day  25,  the  average 
tumor  volume  for  untreated  control  mice  had  increased  to 
287.86  ±  53.93%  (mean  ±  SD)  of  the  volume  on  day  13, 
whereas  that  for  SCH66336-treated  mice  showed  123.20  ± 
14.67%  of  the  volume  before  the  SCH66336  treatment  (Fig.  IB, 
left).  The  average  body  weight  of  SCH 6 63 3 6 -treated  mice  was 
not  remarkably  changed  during  the  treatment  (Fig.  IB,  right) 
compared  with  that  of  control  mice.  These  findings  suggest  that 
FTI  SCH66336  is  an  efficient  therapeutic  agent  in  head  and 
neck  tumors. 

We  studied  the  mechanism  of  the  antitumor  activities  of 
SCH66336  in  HNSCC.  Several  HNSCC  cell  lines  treated  with 
as  much  as  5  pmol/L  SCH66336  yielded  neither  a  terminal 
deoxynucleotidyl  transferase  -  mediated  nick  end  labeling - 
positive  cell  population  nor  changes  in  expression  of  caspase- 
3  and  poly  (ADP-ribose)  polymerase  (data  not  shown), 
indicating  that  SCH66336  induces  little  apoptotic  activities  in 
HNSCC  cells.  Given  this  finding  and  the  critical  role  of  angio¬ 
genesis  in  tumor  growth,  we  evaluated  the  effects  of  SCH66336 
on  angiogenic  activities  of  HNSCC  cells.  As  shown  in  Fig.  1C, 
SCH66336  significantly  decreased  tumor  vascularization 
(P  <  0.01)  as  determined  by  microvessel  density  in  anti-CD31- 
stained  tongue  tumor  tissues  from  control  and  SCH6636-treated 
nude  mice.  We  then  did  a  series  of  in  vitro  and  in  vivo 
experiments  to  test  the  antiangiogenic  activities  of  SCH66336. 
We  directly  applied  conditioned  media  from  UMSCC38  cells 
to  HUVECs.  The  proliferation  (Fig.  ID)  and  capillary  tube 
formation  (Fig.  IE)  of  HUVECs  were  significantly  stimulated 
by  conditioned  media  from  the  untreated  UMSCC38  cells  but 
not  by  conditioned  media  from  SCH66336  (5  pmol/L)  -  treated 
cells  (P  <  0.01).  The  ex  vivo  chick  aortic  ring  arch  assay  revealed 
that  conditioned  media  from  untreated  UMSCC38  cells 
also  stimulated  endothelial  cell  sprouts  (P  <  0.01),  whereas 
conditioned  media  from  SCH66336-treated  cells  did  not  exhibit 
stimulating  effects  on  endothelial  cell  sprouting  (Fig.  IF).  The 
chorioallantoic  membrane  assay,  an  established  in  vivo  angio¬ 
genesis  model,  revealed  that  treatment  with  conditioned  media 
from  untreated  UMSCC38  cells  but  not  conditioned  media  from 
SCH 6 63 3  6 -treated  cells  significantly  induced  new  vessel  forma¬ 
tion  in  chorioallantoic  membranes  of  chick  embryos  (P  <  0.05; 
Fig.  1G).  We  did  not  find  any  signs  of  toxicity,  such  as 
thrombosis,  hemorrhage,  or  egg  lethality,  in  the  chorioallantoic 
membrane  assay.  Together,  this  data  indicate  that  SCH66336 
can  elicit  antiangiogenic  activities  in  HNSCC. 

Antiangiogenic  activities  of  SCH66336  in  HNSCC  cells  are 
independent  of  H-Ras  and  RhoB.  We  investigated  the  mecha¬ 
nisms  by  which  SCH66336  elicits  antiangiogenic  activities 
in  HNSCC  cells.  Because  FTIs  are  designed  to  inhibit  Ras 
farnesylation,  the  most  important  step  in  ras  activation  (13), 
we  first  tested  the  effects  of  SCH66336  on  Ras  in  HNSCC 
cells.  Western  blot  analysis  revealed  that  SCH66336  induced 
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Fig.  1.  Antiangiogenic  activities  of 
SCH66336  in  HNSCC  cells.  A  photograph 
of  normal  tongue  from  nude  mice  that  was 
not  inoculated  with  UMSCC38  cells  (/eft). 
Nude  mice  bearing  UMSCC38  orthotopic 
tongue  tumors  were  given  40  mg/kg 
SCH66336  orally  twice  a  day  on  days  7 
to  25  after  tumor  cell  injection.  Orthotopic 
tongue  tumors  from  vehicle-treated 
(middle.  Con)  and  SCH66336 -treated 
(right,  SCH 66336)  nude  mice  on  day 
25  after  injection  of  UMSCC38  cells. 

B,  effects  of  SCH 66336  (SCH)  on  growth 
of  orthotopic  tongue  tumors  were  tested. 
Relative  tumor  growth  and  changes  in  body 
weight  in  the  control  and  the  treatment 
groups  compared  with  control  tumor 
volumes  at  the  time  of  SCH66336 
treatment  (day  13).  Columns,  mean  tumor 
volumes  (calculated  from  five  mice);  bars, 
SD.  **,  P  <  0.01  compared  with  control. 

C,  orthotopic  mouse  tongue  tissues  were 
stained  with  an  anti-CD31  antibody.  The 
slides  were  examined  at  xl00  under 
fluorescent  microscope  and  analyzed  for 
red  (CD31)  fluorescence.  The  number  of 
microvessels  per  field  was  counted. 
Columns,  mean  of  three  slides  per  tumor 
(calculated  from  five  mice);  bars,  SD. 

**,  P  <  0.01  compared  with  control-treated 
tumors.  D,  HUVECs  were  allowed  to  grow 
in  100  pi L  endothelial  cell  basal  medium 
(EBM)  containing  10  |al_  conditioned 
medium  (CM)  from  untreated  or 
SCH66336 -treated  UMSCC  cells. 

Cell  proliferation  was  analyzed  by 
3-  (4,5-dimethylthiazol-2-yl)  -2,5-diphenyl- 
tetrazolium  bromide  assay.  Independent 
experiments  were  repeated  three  times. 
Columns,  mean  %  of  eight  samples; 
bars,  SD.  *,  P  <  0.05;  **,  P  <  0.01; 

***,  P  <  0.001  compared  with  negative 
control.  E,  angiogenic  activities  of 
conditioned  media  from  UMSCC38  cells 
were  tested  by  tube  formation  assay. 
Columns,  mean  of  three  samples;  bars,  SD. 
**,  P  <  0.01;  ***,  P  <  0.001  compared 
with  control. 


dose-dependent  decreases  in  farnesylated  H-Ras  (H-Ras-F)  in 
UMSCC38,  UMSCC22B,  and  SqCC/Yl  cells  (Fig.  2A).  None 
of  these  cells  have  a  ras  mutation  (data  not  shown),  suggesting 
that  the  antiangiogenic  activities  of  SCH66336  could  be 
traced  to  proteins  other  than  Ras.  One  potential  target  is 
RhoB,  a  21-kDa  G-protein,  that  is  both  farnesylated  and 
geranylgeranylated  by  FTase  and  GGTase  I  (23),  respectively. 
Recent  evidence  indicates  that  RhoB  is  a  mediator  of  the  anti¬ 
tumor  activities  of  FTIs  in  mouse  and  rodent  model  systems 
and  in  human  cancer  cells  (24,  25).  Indeed,  treatment  with 
SCH66336  elicited  elevations  in  the  levels  of  RhoB  (Fig.  2A), 
presumably  due  to  the  increased  expression  of  the  geranyl¬ 
geranylated  isoform  of  RhoB  (RhoB-GG),  as  was  observed 
previously  (26). 


To  understand  whether  decreases  in  H-Ras-F  or  induction  of 
RhoB  mediated  the  antiangiogenic  activity  of  SCH66336, 
we  determined  whether  silencing  H-Ras  or  RhoB  expression 
by  siRNA  could  abolish  the  activities  of  SCH66336  in 
UMSCC38  cells.  Transfection  with  siRNAs  targeting  H-ras  or 
RhoB  specifically  inhibited  H-Ras  or  RhoB  protein  expression 
in  UMSCC38  cells,  whereas  control  scrambled  (scr)  siRNA 
did  not  affect  the  expression  of  these  genes  (Fig.  2B).  Two 
different  siRNAs  induced  similar  degrees  of  gene  silencing. 
These  siRNAs  also  specifically  inhibited  mRNA  expression  of 
target  genes  regardless  of  the  presence  of  SCH66336  (Fig.  2C). 
Cell  viability  was  not  specifically  altered  in  any  of  these  cells 
(data  not  shown).  According  to  the  3-(4,5-dimethylthiazol- 
2-yl) -2, 5 -diphenyl tetrazolium  bromide  assay  (Fig.  2D)  and 
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Fig.  1  Continued.  F,  endothelial  cell 
sprouting  from  chick  aortic  rings  that  were 
incubated  with  conditioned  medium  from 
SCH66336-treated  or  untreated  UMSCC38 
cells.  Columns,  means  from  six  samples; 
bars,  SD.  Representative  group  from  each 
condition.  Bar,  200  |am.  **,  P  <  0.01 
compared  with  negative  control. 

G,  in  a  chorioallantoic  membrane  assay, 
angiogenesis  stimulated  by  conditioned 
media  from  UMSCC38  cells  was 
photographed  {left)  or  quantitatively 
evaluated  {right).  Independent  experiments 
were  repeated  three  times.  Columns, 
mean  of  >30  eggs;  bars,  SD/95%  confi¬ 
dence  intervals.  *,  P  <  0.05;  **,  P  <  0.01;  ***, 
P  <  0.001  compared  with  negative  control. 


tube  formation  assays  (Fig.  2E),  HUVEC  proliferation  and 
morphogenesis  were  stimulated  by  conditioned  media  from 
control  UMSCC  38  cells  transfected  with  scr.  Conditioned 
media  from  SCH66336-treated  UMSCC38  cells  did  not  show 
these  angiogenic  activities.  The  effects  of  SCH66336  were  still 
consistent  in  UMSCC38  cells,  which  had  been  transfected  with 
siRNA  targeting  H-ras  or  RhoB.  Two  different  siRNAs  for 
H-Ras  and  RhoB  showed  similar  results  (data  not  shown).  All 
of  these  findings  indicate  that  SCH66336  suppressed  the 
angiogenic  activities  of  HNSCC  cells  via  H-Ras-independent 
and  RhoB-independent  mechanisms. 

FTI  induces  IGFBP-3  expression  in  vitro  and  in  vivo  via 
mechanisms  that  are  independent  of  H-Ras  or  RhoB.  Because 
the  IGF  system  has  an  important  role  in  regulating4  prolifer¬ 
ation  and  angiogenesis  (27-29),  we  determined  whether 
SCH66336  treatment  stimulates  the  expression  of  IGFBPs.  An 
obvious  increase  in  IGFBP-3  protein  level  was  observed  in 
UMSCC38,  UMSCC22B,  and  SqCC/Yl  cells  treated  with 
SCH66336  or  FTI-277,  another  FTI  (Fig.  3A).  Increased  levels 
of  the  IGFBP-3  protein  were  also  observed  in  conditioned 
media  from  these  cells  (data  not  shown).  No  change  was 
detected  in  the  expression  of  other  IGFBP  subfamily  members, 
including  IGFBP-2  and  IGFBP-6,  after  SCH66336  treatment 
(Fig.  3A).  Because  IGFBP-3  is  supposed  to  control  IGF-1- 
induced  IGF-1R  activation  (30),  we  next  determined  the  effects 
of  SCH66336  on  the  levels  of  phosphorylated  IGF-1R  (pIGF- 
1R)  in  UMSCC38  cells.  Western  blot  analysis  revealed  that 
treatment  with  IGF-1  caused  increases  in  pIGF-lR,  which  is 
inhibited  by  SCH66336  in  UMSCC38  cells  (Fig.  3B,  left). 
Whereas  phosphorylation  of  IGF-1R  stimulated  by  Des(l-3) 
(10  nmol/F),  a  mutant  IGF-I  that  has  a  vastly  diminished 
affinity  for  the  IGFBPs  but  retains  high  avidity  for  IGF-1R  (31), 
was  marginally  affected  by  SCH66336  in  UMSCC38  cells  (Fig. 
3B,  middle ),  indicating  that  secretion  of  functional  IGFBP-3  by 
SCH66336-treated  cells  down-regulated  pIGF-IR.  Immunopre- 
cipitation  analysis  using  an  antiphosphotyrosine  antibody 
followed  by  Western  blot  analysis  with  an  anti-IGF-IRp 
antibody  confirmed  that  SCH66336  inhibited  IGF-stimulated 
IGF-1R  phosphorylation  (Fig.  3B,  right).  Induction  of  IGFBP-3 


by  SCH66336  also  found  in  H460,  Calul,  and  H358  NSCFC 
cell  lines  (Fig.  3C). 

We  further  studied  the  mechanism  by  which  SCH66336 
activates  IGFBP-3  expression.  Northern  and  Western  blot 
analyses  of  UMSCC38  cells  revealed  that  IGFBP-3  gene 
expression  is  induced  within  1.5  hours  after  the  SCH66336 
treatment,  respectively  (Fig.  3D).  Moreover,  a  transient  trans¬ 
fection  experiment  done  with  a  luciferase  reporter  plasmid 
containing  1.8-kb  IGFBP-3  promoter  (pGF2-BP3;  ref.  32) 
indicated  that  SCH66336  increased  IGFBP-3  promoter  activity 
in  UMSCC38  and  H460  cells  in  a  dose-dependent  manner 
(Fig.  3E).  IGFBP-3  promoter  activity  was  also  increased  in 
UMSCC38  cells  by  the  treatment  with  FTI-277.  These  findings 
indicate  that  SCH66336  induced  IGFBP-3  expression  at  a 
transcriptional  level  and  that  the  induction  of  IGFBP-3 
expression  is  a  generic  response  to  FTIs.  Blockade  of  H-Ras  or 
RhoB  expression  by  siRNA  (Fig.  3F  and  G)  or  overexpression  of 
pH-Ras-V12  or  pRhoB-GG  (Fig.  3H)  did  not  affect  the  ability  of 
SCH66336  to  induce  IGFBP-3  promoter  activity  and  protein 
expression,  indicating  that  induction  of  IGFBP-3  expression 
by  SCH66336  is  independent  of  H-Ras  or  RhoB. 

Oral  administration  of  FTI  SCH66336  induces  IGFBP-3 
expression  in  vivo  in  tongue  tumor  tissues.  We  tested  whether 
SCH66336  could  increase  IGFBP-3  expression  in  vivo.  We  found 
obviously  higher  levels  of  IGFBP-3  in  orthotopic  tongue  tumor 
tissues  removed  from  SCH66336-treated  mice  than  in  tongue 
tumor  tissues  from  untreated  control  mice  (Fig.  4A).  IGFBP-3 
expression  was  also  analyzed  in  the  tissue  samples  from  patients 
who  had  received  SCH66336.  Results  are  shown  from  the 
pretreatment  and/or  posttreatment  matched  tumor  tissues  from 
three  patients.  Prominent  IGFBP-3  expression  was  observed  in 
the  first  patient  (33)  in  histologically  normal  cells  of  the  anterior 
tongue  (Fig.  4B,  left),  but  only  focal  or  no  IGFBP-3  expression 
was  found  in  their  squamous  carcinoma  tumor  cells  (SCC, 
Fig.  4B,  right).  Tumor  tissues  from  this  patient  were  not  available 
after  the  SCH66336  treatment.  Very  low  or  undetectable  levels 
of  IGFBP-3  were  also  observed  in  squamous  carcinoma  tumor 
cells  of  the  other  two  patients  (patients  2  and  3)  who  had  not 
been  treated  with  SCH66336  (Fig.  4C,  left).  Three  months  after 
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these  patients'  treatment  with  SCH66336,  however,  IGFBP-3 
expression  was  strongly  induced  in  the  membranes  of  the 
cancer  cells  undergoing  karyolysis  (Fig.  4C,  right).  These 
findings  indicate  that  oral  administration  of  SCH66336  was 
sufficient  to  induce  IGFBP-3  expression  in  vivo. 

IGFBP-3  secreted  from  SCH66336-treated  HNSCC  cells 
inhibits  angiogenic  activities  in  HUVECs  by  blocking  Akt 
activation.  To  investigate  whether  IGFBP-3  secreted  from 
SCH66336-treated  HNSCC  cells  inhibited  angiogenesis,  we 
determined  whether  the  blockade  of  IGFBP-3  secretion  from 
SCH66336-treated  UMSCC38  cells  could  restore  the  angiogenic 
effects  of  conditioned  media  from  these  cells.  To  this  end, 
UMSCC38  cells  were  transfected  with  IGFBP-3  siRNA,  and  the 
conditioned  medium  from  these  cells  was  applied  to  HUVECs. 
IGFBP-3  siRNA  specifically  inhibited  IGFBP-3  mRNA  expression 
(Fig.  5A,  left)  as  well  as  protein  expression  in  the  untreated  and 
SCH66336-treated  UMSCC38  cells  (Fig.  5 A,  right).  Conditioned 
media  from  UMSCC38  cells  transfected  with  IGFBP-3  siRNA 
before  the  SCH66336  treatment  ( SCH )  did  not  show  significant 
effects  on  tube  formation  (Fig.  5B)  and  proliferation  (Fig.  5C) 
of  HUVECs  compared  with  conditioned  media  from  scr- 
transfected  cells.  To  mask  the  effect  of  IGFBP-3  secreted  from 
UMSCC38  cells  on  HUVECs,  HUVECs  were  preincubated  with 
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Fig.  2.  Role  of  H-Ras  and  RhoB  in  the  antiangiogenic  and  anti-invasive  activities  of 
SCH66336  in  HNSCC  cells.  A,  effects  of  SCH66336  on  levels  of  unfarnesylated 
H-Ras  and  farnesylated  H-Ras  (H-Ras-F)  were  examined  in  UMSCC38, 
UMSCC22B,  and  SqCC/YI  cells  treated  with  indicated  doses  of  SCH66336  for  3 
days.  B-C,  effects  of  scrambled  siRNA  (scr)  or  siRNA  targeting  H-ras  or  RhoB  on 
protein  (B)  and  mRNA  (C)  levels  of  H-Ras  and  RhoB  were  examined.  Expression  of 
tubulin  or  GAPDH  was  included  as  loading  controls.  Lanes  1  and  2,  siRNA  with 
different  sequence  targeting  same  gene.  D-E,  proliferation  (D)  and  morphogenesis 
(£)  of  HUVECs  stimulated  by  conditioned  media  from  UMSCC38  cells,  which  were 
transfected  with  the  indicated  siRNA  and  treated  with  SCH66336  (5  |4mol/L),  were 
tested  by  3-  (4,5-dimethylthiazol-2-yl)  -2,5-diphenyltetrazolium  bromide  and  tube 
formation  assays,  respectively.  Independent  experiments  were  repeated  three  times. 
Columns,  means  of  three  samples;  bars,  SD.  *,  P  <  0.05;  **,  P  <  0.01;  ***,£<  0.001 
compared  with  untreated  cells  from  each  transfection. 


IGFBP-3  neutralizing  antibody  (aBP3)  before  conditioned 
medium  treatment.  Stimulation  of  HUVECs  proliferation  by 
the  conditioned  media  from  control  UMSCC38  cells  was  not 
affected  with  aBP3  (Fig.  5D).  In  contrast,  proliferation-stimulat¬ 
ing  activities  of  conditioned  media  from  SCH66336-treated 
UMSCC38  cells  were  almost  completely  blocked.  These  findings 
indicate  that  IGFBP-3  secreted  from  SCH66336-treated  cells 
played  a  major  role  in  inhibiting  HUVECs  proliferation  and 
morphogenesis. 

It  has  been  shown  that  IGFBP-3  induces  apoptosis  in 
endothelial  cells  by  inhibiting  activation  of  Akt,  a  key  enzyme 
for  cell  survival  (12).  Thus,  we  next  tested  whether  IGFBP-3 
secreted  from  SCH66336-treated  HNSCC  cells  could  inhibit 
activation  of  Akt.  Western  blot  assays  showed  that  conditioned 
media  from  control  UMSCC38  cells  stimulated  phosphoryla¬ 
tion  of  Akt  ( pAkt ,  Ser473)  in  HUVECs  (Fig.  5E),  which  was  not 
affected  by  the  aBP3  treatment.  Conditioned  media  from 
SCH66336-treated  UMSCC38  cells  marginally  stimulated  pho- 
phorylation  of  Akt;  however,  pAkt  levels  were  obviously 
induced  by  the  incubation  of  HUVECs  with  aBP3.  Phosphor¬ 
ylation  of  extracellular  signal-regulated  kinase  ( pERK )  was 
stimulated  in  HUVECs  by  conditioned  media  from  control  or 
SCH66336-treated  UMSCC  cells  but  was  not  affected  by  the 
aBP3  (Fig.  5E).  These  findings  suggest  that  IGFBP-3  secreted 
from  SCH66336-treated  HNSCC  cells  inhibited  proliferation  of 
HUVECs  by  inhibiting  Akt  activation. 

Discussion 

In  this  article,  we  have  shown  for  the  first  time  that  the  FTI 
SCH66336  has  antitumor  activities,  especially  those  related  to 
angiogenesis,  by  inducing  IGFBP-3  expression.  The  increased 
IGFBP-3  in  turn  induces  tumor  regression  by  inhibiting  tumor 
angiogenesis  via  a  mechanism  that  is  independent  of  H-Ras  and 
RhoB.  We  were  encouraged  to  pursue  this  line  of  research  by 
early  observations  of  tumor  regression  in  a  clinical  trial  in 
which  patients  with  advanced  HNSCC  were  randomized  to 
receive  a  short  8-  to  14-day  course  of  SCH66336  in  the 
preoperative  setting.6  Our  in  vivo  results  also  clearly  show  that 
SCH66336  induces  efficient  antitumor  activities;  daily  oral 
administration  of  SCH66336  (40  mg/kg)  was  sufficient  to 
suppress  growth  of  implanted  UMSCC38  tumors  in  the  tongues 
of  nude  mice.  SCH 6 63 3  6  was  active  at  a  concentration  of  1 
jimol/L,  which  is  well  below  the  concentration  reported  to  be 
achievable  in  vivo  (about  8  pmol/E)  in  mice  given  a  single  oral 
dose  of  25  mg/kg  SCH66336  (34).  SCH66336  inhibits 
proliferation  of  HNSCC  cells  (15);  similar  results  have  been 
observed  in  cell  lines  derived  from  breast,  colon,  pancreas, 
brain,  and  lung  cancers  (35-37). 

Despite  these  promising  results,  the  mechanism  of  action  of 
FTIs  in  tumors  is  still  incompletely  understood.  We  did  not  find 
evidence  of  SCH66336-mediated  apoptotic  activities  in  most  of 
the  HNSCC  cell  lines  used  in  our  study,  results  which  are 
consistent  with  previous  findings  that  SCH66336  as  a  single 
agent  cannot  induce  apoptosis  at  doses  similar  to  those  we  used 
(38).  This  led  us  to  investigate  the  antiangiogenic  activities  of 
SCH66336  in  HNSCC  cells.  SCH66336  inhibited  the  angio¬ 
genic  activities  of  HNSCC  cells  in  vitro  and  in  vivo:  ( a ) 


6  Unpublished  data. 
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Fig.  3.  Effects  of  FTIs  on  the  expression  of  IGFBP-3  in  FINSCC  cells  in  vitro  and  in  vivo.  A,  expression  of  IGFBP-2,  IGFBP-3,  and  IGFBP-6  in  UMSCC38,  UMSCC22B,  and 
SqCC/YI  cells,  untreated  or  treated  with  indicated  concentrations  of  SCFI66336  or  FTI-277  for  3  days.  B,  Western  blot  analysis  on  expression  of  phosphorylated  IGF-1R 
(Tyr1184;  pIGF-IR)  and  unphosphorylated  IGF-IRp  in  UMSCC38  cells  that  were  untreated  or  treated  with  SCH66336  and  then  activated  with  IGF-I  {/eft)  or  Des(1-3)  IGF-I 
{middle).  p-Actin  was  also  detected  as  a  loading  control.  Total  protein  extracts  (500  pig)  of  UMSCC38  cells  that  were  untreated  or  treated  with  SCH66336  before  the 
activation  with  IGF-1  were  subjected  to  immunoprecipitation  {IP)  with  IgG  or  anti-phosphotyrosine  {pTyr )  antibody.  Western  blot  analysis  {WB)  on  immunoprecipitates  was 
done  using  an  anti-IGF-IRp  antibody  {right).  Equal  amount  of  protein  for  immunoprecipitation  was  confirmed  by  Western  blot  analysis  on  IGF-IRp  expression.  C,  H460,  Calul, 
and  H358  cells  treated  with  5  |amol/L  SCH66336  for  1  or  2  days  were  also  analyzed  for  IGFBP-3  expression.  p-Actin  was  included  as  a  loading  control.  D,  Northern  blot  {NB) 
and  Western  blot  {WB)  analyses  were  done  to  analyze  the  effect  of  SCH  66336  on  IGFBP-3  mRNA  and  protein  expression  in  UMSCC38  cells  that  were  treated  with 
SCH66336  (5  |_imol/L)  for  the  indicated  time  periods. The  ethidium  bromide  -  stained  RNA  gel  is  illustrated  to  show  the  relative  amounts  of  total  RNA  loaded  per  well  {top). 
£  luciferase  analysis  was  done  in  UMSCC38  and  H460  cells  that  were  transiently  transfected  with  pGL2  or  pGL2-BP-3  reporter  plasmid  and  then  treated  with  indicated 
concentrations  of  SCH66336  or  FTI-277.  Columns,  means  of  six  different  samples  from  three  independent  experiments;  bars,  SD.  **,  P  <  0.01;  ***,  P  <  0.001  compared  with 
pGL2-BP3-transfected  cells  {bottom).  /^Western  blot  analysis  on  expression  of  IGFBP-3  after  transfection  H-ras  or  RhoB  siRNA  and  SCH66336  (5  ^imol/L)  treatment  for 
2  days  in  UMSCC38  cells.  G,  effects  of  siRNA  targeting  H-Ras  or  RhoB  on  SCH66336-mediated  induction  of  IGFBP-3  promoter  activities  in  UMSCC38  cells  that  were 
transfected  with  scr,  H-Ras,  or  RhoB  siRNA.  H,  luciferase  analysis  in  UMSCC38  cells  that  were  transiently  cotransfected  with  reporter  plasmid  (pGL2  or  pGL2-BP3)  and 
expression  vector  (Control  vector,  pH-Ras-V12,  or  pRhoB-GG)  and  then  treated  with  5  |4mol/L  SCH66336.  Columns,  means  of  six  different  wells  from  three  independent 
experiments;  bars,  SD.  **,  P  <  0.01  compared  with  untreated  control  cells. 


administration  of  SCH6636  significantly  reduced  tumor  vascu¬ 
larization  in  HNSCC  orthotopic  tongue  tumors;  ( b )  pretreat¬ 
ment  with  SCH 6 63 3  6  effectively  suppressed  angiogenesis- 
stimulating  effects  of  the  conditioned  media  from  HNSCC38 
cells  on  HUVECs  in  several  in  vitro  and  in  vivo  angiogenesis 
assays.  The  antiangiogenic  activities  of  SCH66336  in  HNSCC 
cells  did  not  correlate  with  mutation  and  expression  of  Ras  and 
RhoB  in  our  study,  suggesting  that  FTIs  have  mechanisms  of 
action  other  than  inhibiting  Ras  or  RhoB. 

We  found  that  FTIs,  including  SCH66336  and  FTI-277,  in¬ 
duced  expression  of  IGFBP-3,  a  major  IGFBP  in  serum  (39),  in 
several  different  cancer  cell  lines,  orthotopic  tongue  tumor 
tissues  from  mice,  and  a  subset  of  patients  with  HNSCC.  These 
findings  revealed  that  the  effect  of  FTIs  on  IGFBP-3  expression  is 
a  generic  response  to  FTI  treatment,  and  that  oral  administration 


of  SCH66336  is  sufficient  to  induce  IGFBP-3  expression  in  vivo. 
Because  FTIs  up-regulated  promoter  activities  and  transcription 
of  the  IGFBP-3  gene,  FTIs  seemed  to  induce  IGFBP-3  gene 
expression  at  transcription  level.  The  effects  of  FTIs  on  IGFBP-3 
expression  could  be  mediated  by  novel  farnesylated  proteins 
(37)  or  by  farnesyl  transferase  -  independent  off-target  activity 
of  FTIs.  It  is  also  possible  that  FTIs  may  activate  various 
transcription  factors  that  stimulate  the  IGFBP-3  promoter,  such 
as  Sp-l/Sp-3,  p53,  vitamin  D  receptor,  and  retinoid  X  receptors. 
A  detailed  mechanism  that  is  critical  for  the  induction  of  IGFBP-3 
expression  by  SCH66336  is  currently  under  active  investigation 
in  our  laboratory. 

Perhaps  most  strikingly,  our  findings  presented  here  show 
the  role  of  IGFBP-3  as  the  functional  basis  for  the  use  of 
FTIs  in  HNSCC  targeting  tumor  angiogenesis;  inhibition  of 
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Fig.  4.  Immunohistochemical  analysis  of  IGFBP-3  in  tongue  tumor  tissues.  A, 
IGFBP-3  expression  in  orthotopic  tongue  tumor  tissues  from  control  nude  mice 
{left)  and  SCH66336 -treated  mice  {right)  at  25  days.  B,  IGFBP-3  expression  in 
normal  and  SCC  tissues  from  a  patient  with  HNSCC.  C,  IGFBP-3  expression  was 
also  tested  in  two  patients  before  {left)  or  after  3  months  of  treatment  with 
SCH66336  {right),  x400. 


the  secretion  of  SCH66336-induced  IGFBP-3  from  UMSCC38 
cells  by  RNA  interference  or  depletion  of  IGFBP-3  in 
HUVECs  by  neutralizing  antibody  significantly  restored 
angiogenic  effects  of  conditioned  media  from  SCH66336- 
treated  UMSCC38  cells  on  HUVECs.  Consistent  with  previous 
findings  (12),  we  also  observed  that  IGFBP-3  secreted  from 
FTI -treated  HNSCC  cells  inhibited  endothelial  cell  prolifera¬ 
tion  by  blocking  PI3K/Akt  pathways:  (a)  conditioned  media 
from  control  UMSCC38  cells,  but  not  conditioned  media 
from  SCH 6 63 3  6 -treated  cells,  induced  phosphorylation  of 
Akt  in  HUVECs;  (b)  depletion  of  IGFBP-3  in  HUVECs  by  the 
IGFBP-3  neutralizing  antibody  effectively  restored  mitogenic 
activities  and  the  levels  of  pAkt  in  HUVECs  when  incubated 


with  conditioned  media  from  SCH66336-treated  UMSCC38 
cells.  Therefore,  it  is  plausible  to  say  that  FTIs  induce 
IGFBP-3  expression,  which  in  turn  regulate  tumor  angiogen¬ 
esis  by  inhibiting  Akt,  a  key  enzyme  for  cell  survival,  and 
thus  inducing  apoptosis  in  endothelial  cells. 

In  conclusion,  our  results  reveal,  for  the  first  time,  that  the 
FTIs  have  potent  antiangiogenic  activities  in  HNSCC  cells 
through  the  induction  of  IGFBP-3  expression.  Our  results  could 
explain  the  antitumor  activities  of  FTIs  in  the  cancer  cells  that 
do  not  harbor  activated  Ras  oncogene  (40-43).  IGFBP-3  has 
been  also  identified  as  having  antitumor  activities  in  a  variety  of 
cancers  (16,  44,  45).  Several  case  control  studies  have  shown 
that  serum  IGFBP-3  levels  inversely  correlate  with  the  risk  of 
numerous  cancers,  including  prostate  (46),  bladder  (46),  and 
colon  (46).  Smoking  reduces  IGFBP-3  levels  (46)  and  low 


Fig.  5.  IGFBP-3  secreted  from  SCH66336-treated  HNSCC  cells  inhibits  angiogenic 
activities  in  HUVECs  by  blocking  Akt  activation.  A- C,  effects  of  knock  down  of 
IGFBP-3  expression  on  antiangiogenic  activities  of  SCH66336.  A,  semiquantitative 
reverse  transcription-PCR  analysis  for  IGFBP-3,  H-ras,  and  RhoB  mRNA  expression 
{left)  and  Western  blot  analyses  for  IGFBP-3  protein  expression  {right)  were  done  in 
UMSCC38  cells  transfected  with  control  {scr)  or  IGFBP-3  siRNAs  for  1  day  before 
the  SCH66336  (5  |_imol/L)  treatment.  GAPDH  mRNA  and  p-actin  protein 
expression  were  also  detected  as  controls  for  reverse  transcription-PCR  and 
Western  blot  analyses,  respectively.  Effects  of  conditioned  media  (CM)  from  these 
cells  on  HUVEC  morphogenesis  {B)  and  proliferation  (C)  were  tested  by  tube 
formation  and  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide 
analyses,  respectively.  Independent  experiments  were  repeated  three  times. 
Columns,  percentages  of  eight  samples;  bars,  SD/95%  confidence  intervals. 

*,  P  <  0.05;  **,  P  <  0.01  compared  with  control.  D-E,  3-  (4,5-dimethylthiazol-2-yl)  -2, 
5-diphenyltetrazolium  bromide  {D)  and  Western  blot  analyses  (£)  were  performed 
in  HUVECs,  which  were  untreated  or  preincubated  with  IGFBP-3  neutralizing 
antibody  (aBP-3)  for  2  hours  and  then  treated  with  EBM  (-)  or  conditioned  media 
from  control  UMSCC38  cells  {Con)  or  from  SCH66336-treated  UMSCC38  cells 
{SCH).  Independent  experiments  on  cell  proliferation  were  repeated  three  times. 
Columns,  percentages  of  eight  samples;  bars,  SD.  aBP-3,  antibody  neutralizing 
IGFBP-3.  **,  P  <  0.01  compared  with  HUVECs  treated  with  control 
conditioned  media. 
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IGFBP-3  concentrations  are  associated  with  increased  risk  of 
head  and  neck  (46)  as  well  as  lung  cancers  (24).  Furthermore,  a 
decrease  in  IGFBP-3  expression  due  to  the  methylation  or 
polymorphisms  of  the  IGFBP-3  promoter  is  associated  with 


an  increased  risk  of  lung,  breast,  and  prostate  cancers  (46). 
Considering  all  of  these  promising  results,  IGFBP-3  should  be 
critically  evaluated  in  translational  clinical  trials  against 
pathologic  angiogenesis. 
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Letters  to  the  Editor 


Erlotinib  Combined 
with  Cyclosporine  in  a 
Liver-Transplant 
Recipient  with 
Epidermal  Growth 
Factor  Receptor- 
Mutated  Non-small 
Cell  Lung  Cancer 

To  the  Editor: 

Management  of  cancer  in  transplant 
recipients  is  highly  complicated  by  con¬ 
comitant  clinical  situations  which  often 
require  conflicting  therapeutic  approaches. 

Distinctive  from  general  population, 
non-small  cell  lung  cancer  which  occurs 
in  transplant  recipients  is  often  associated 
with  nonsmoker  status  and  adenocarci¬ 
noma  histology1  which  are  well  estab¬ 
lished  predictive  factors  for  response 
to  Epidermal  Growth  Factor  Receptor 
(EGFR)  -Tyrosine  Kinase  inhibitor  drugs. 
Moreover,  these  drugs  represent  an  attrac¬ 
tive  treatment  for  this  set  of  patients 
thanks  to  their  very  low  toxicity  profile 
and  to  the  fact  that  they  do  not  induce 
immunosuppression  and  should  not  in¬ 
crease  the  risk  of  graft  rejection. 

Unfortunately,  to  our  knowledge, 
no  data  on  the  interaction  between  im¬ 
munosuppressive  treatment  and  EGFR- 
tyrosine  kinase  inhibitors  nor  clinical 
reports  on  the  safety  of  this  combination 
are  available.  Moreover,  considering 
that  70%  of  the  metabolism  of  erlotinib 
is  sustained  by  cytochrome  P450  3A4 
and  CYP1  A,  its  use  in  combination  with 
cyclosporine  (a  known  CYP  3A4  sub¬ 
strate),  could  induce  unexpected  and  in¬ 
creased  side  effects.2’3 

Here  we  describe  a  case  of  a  liver- 
transplant  recipient  with  advanced  non¬ 
small  cell  lung  cancer  who  received 
prolonged  concomitant  and  uneventful 
administration  of  erlotinib  and  cyclo¬ 
sporine  obtaining  a  long-lasting  tumor 
response. 
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A  5 3 -year-old  nonsmoker  male 
had  received  a  liver  transplantation  for 
Hepatitis  B  virus-  and  Hepatitis  D  virus- 
related  cirrhosis  in  February  2002,  fol¬ 
lowed  by  continuous  immunosuppres¬ 
sive  treatment  with  cyclosporine. 

On  July  2007  he  was  diagnosed 
with  an  EGFR  positive  pulmonary  ade¬ 
nocarcinoma  with  brain,  bone,  and  pleu¬ 
ral  metastases.  Molecular  analysis  of  the 
tumor  indicated  an  EGFR  mutation  (de¬ 
letion  of  exon  19:  leucine  747-752 
serine)  and  the  absence  of  k-Ras  muta¬ 
tions  (exons:  12,  13,  61). 

First-line  chemotherapy  with  carbo- 
platin  and  paclitaxel  was  interrupted  after 
the  first  administration  because  of  severe 
toxicity,  including  grade  3  (G3)  diarrhea 
and  G3  neutropenia,  concomitantly  with  a 
high  variability  of  cyclosporinemia. 

After  whole-brain  irradiation,  the 
patient  was  given  erlotinib  (150  mg 
daily).  Cyclosporine  dosage  was  tailored 
to  maintain  a  blood  level  of  the  drug 
between  60  and  90  ng/ml. 

At  the  time  of  this  report,  the  pa¬ 
tient  has  been  receiving  erlotinib  and 
cyclosporine  for  1  year,  with  a  main¬ 
tained  Response  Evaluation  Criteria  in 
Solid  Tumors  partial  response  on  all  the 
disease  parameters. 

Treatment  was  very  well  tolerated, 
with  only  G1  skin  toxicity  and  a  persistent 
nonfebrile  G1  neutropenia,  appearing  11 
weeks  after  the  onset  of  treatment.  No 
erlotinib-dose  reduction  or  discontinuation 
was  required.  To  maintain  the  cyclospor¬ 
ine  blood  levels  in  the  established  range, 
the  dosage  of  administered  drug  was  pro¬ 
gressively  increased  from  50  mg  bid  to  75 
mg  bid  (Figure  1),  then  to  100  mg  bid 
(data  not  shown  in  the  Figure). 

Plasma  levels  of  gamma-glutamyl- 
transferase,  monitored  every  2  to  3  weeks 
to  assess  the  efficacy  of  immunosuppres¬ 
sion,  were  always  within  the  normal  range. 

These  data  together  indicate  the  ab¬ 
sence  of  any  clinically  relevant  interfer¬ 
ence  between  cyclosporine  and  erlotinib. 
However,  the  need  of  increasing  the  drug 
dosage  over  time  could  suggest  that  long¬ 
term  exposure  of  erlotinib  might  induce 
CYP  3A4  and  suggest  the  usefulness  of 
monitoring  cyclosporine  blood  levels. 

To  our  knowledge,  this  is  the  first 
report  of  concomitant  administration  of 
erlotinib  and  cyclosporine.  The  absence 
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FIGURE  1.  Cyclosporine  kinetics  dur¬ 
ing  erlotinib  treatment  (E  =  erlotinib). 
The  range  outlined  in  green  is  the  opti¬ 
mal  range  we  aimed  to  maintain.  The 
patient  received  50  mg  bid  cyclospor¬ 
ine  for  the  first  27  weeks  of  treatment 
with  erlotinib,  then  75  mg  twice  daily. 


of  relevant  toxicity,  despite  a  full  dose 
of  erlotinib  over  a  1-year  period  and  the 
lack  of  any  sign  of  graft  loss,  indicate 
that  cyclosporine  use  should  not  be  con¬ 
sidered  a  contraindication  to  erlotinib 
administration. 
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Germ-Line  and 
Somatic  Presentations 
of  the  EGER  T790M 
Mutation  in  Lung 
Cancer 

To  the  Editor: 

Somatic  mutations  in  the  kinase 
domain  of  the  epidermal  growth  factor 
receptor  ( EGFR )  gene  are  found  in 
about  10%  of  lung  adenocarcinomas 
that  have  been  sequenced  from  Western 
countries  and  in  about  30%  of  those  that 
have  been  sequenced  from  Asia.1  EGFR 
mutations  are  associated  with  sensitivity 
to  the  EGFR  tyrosine  kinase  inhibitors 
gefitinib  and  erlotinib.  However,  many 
patients  who  initially  respond  to  treat¬ 
ment  with  gefitinib  or  erlotinib  develop 
resistance  to  these  inhibitors  and  subse¬ 
quently  relapse.  This  process  has  been 
associated  with  point  mutations  in  the 
kinase  domain  of  mutant  EGFR  A3  The 
most  common  EGFR  mutation  associ¬ 
ated  with  treatment  resistance  involves  a 
C-to-T  change  at  nucleotide  2369  in 
exon  20,  which  results  in  threonine-to- 
methionine  substitution  at  the  amino 
acid  position  790  (T790M).  This  amino 
acid  change  does  not  seem  to  diminish 
EGFR’s  catalytic  activity,  but  the  pres¬ 
ence  of  the  T790M  mutation  is  predicted 
to  impair  binding  of  either  gefitinib  or 
erlotinib  to  the  EGFR  adenosine  triphos¬ 
phate-binding  pocket.2’3  In  addition, 
emerging  data  suggest  that  the  T790M 
change  may  potentiate  oncogenic  activ¬ 
ity.  For  example,  a  T790M  germ-line 
mutation  was  found  in  one  family  with  a 
high  incidence  of  lung  cancer,4  and  so¬ 
matic  T790M  mutations  have  been  occa¬ 
sionally  detected  in  tumors  from  patients 
who  never  received  EGFR  inhibitors.5  In 
fact,  it  may  be  likely  that  all  T790M 
mutations  are  present  in  a  small  subset 
of  tumor  cells  before  treatment  and  they 
expand  selectively  with  EGFR  tyrosine 
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kinase  inhibitors  treatment.  Using  de¬ 
oxyribonucleic  acid  (DNA)  extracted 
from  formalin-fixed  and  paraffin-em¬ 
bedded  tissues  from  240  patients  with 
lung  adenocarcinomas  that  had  never 
received  treatment  with  EGFR  inhibi¬ 
tors,  we  sequenced  the  EGFR  exons  18 
to  21  and  identified  2  tumor  cases  (1%) 
harboring  the  T790M  mutation.  Here, 
we  report  those  two  cases  with  an  un¬ 
usual  presentation  of  the  T790M  muta¬ 
tion,  including  a  germ-line  and  a  so¬ 
matic  mutation  (Figure  1). 

The  first  case  of  T790M-associ- 
ated  lung  cancer  occurred  in  a  72-year- 
old  female  never  smoker  presented  with 
3  synchronous  lung  tumors,  2  adenocar¬ 
cinomas,  and  1  large-cell  neuroendo¬ 
crine  carcinoma  with  hilar  lymph  node 
metastasis  (Figures  1 A-C).  In  addition 
to  the  malignant  tissue  from  the  three 
tumors,  microdissected  cells  from  nor¬ 
mal  bronchiolar  epithelium,  pleural  con¬ 
nective  tissue,  and  nonmetastatic  lymph 
nodes  showed  the  presence  of  both  the 
EGFR  T790M  and  wild-type  alleles.  No 
other  EGFR  mutations  were  detected  in 
the  patient’s  tissue  specimens.  We  con¬ 
firmed  the  presence  of  a  germ-line  mu¬ 
tation  by  sequencing  the  DNA  extracted 
from  the  patient’s  peripheral  mononu¬ 
clear  blood  cells.  Although  we  were 
unable  to  examine  DNA  from  other 
family  members,  this  patient  repre¬ 
sents,  to  our  knowledge,  the  second 
case4  of  a  T790M  germ-line  mutation 
ever  reported  and  confirms  the  possibil¬ 
ity  that  this  phenomenon  confers  lung 
cancer  susceptibility. 

The  second  case  of  T790M-asso- 
ciated  lung  cancer  occurred  in  a  62-year- 
old  female  never  smoker  diagnosed  with 
stage  IA  adenocarcinoma;  no  other  EGFR 
activating  mutation  was  seen  (Figures 
1 D-F).  The  T790M  mutation  was  not 
detected  in  the  DNA  extracted  from 
multiple  microdissected  tissue  samples, 
including  nonmalignant  pleural  connec¬ 
tive  tissue,  lung  hilar  lymph  nodes,  and 
breast  connective  tissue  obtained  during 
a  previous  breast  cancer  resection  show¬ 
ing  that  mutation  was  somatic.  However, 
EGFR  mutation  analysis  of  microdis¬ 
sected  epithelium  obtained  from  bronchio¬ 
lar  structures  adjacent  to  the  tumor 
showed  the  T790M  mutation  in  three  out 
of  five  histologically  normal  epithelium 
sites.  We  previously  demonstrated  that 


EGFR  kinase  domain  mutations  in  ex¬ 
ons  19  and  21  are  sometimes  detected  in 
normal  bronchial  and  bronchiolar  epithe¬ 
lium  adjacent  to  EGFR  mutant  lung  tu¬ 
mors,  indicating  that  the  development  of 
such  mutations  may  be  an  early  event  in 
the  pathogenesis  of  lung  adenocarcinoma 
as  a  filed  cancerization  phenomenon.6  The 
presence  of  the  T790M  mutation  in  the 
normal  bronchial  epithelium  in  this  patient 
confirms  this  mutation’s  potential  onco¬ 
genic  effect,  and  its  role  in  preneoplastic 
lesions,  which  is  supported  by  the  report 
that  in  vitro  human  bronchial  epithelial 
cells  overexpressing  the  T790M  mutation 
showed  a  growth  advantage  over  cells 
expressing  the  wild-type  form.7 

Although  the  EGFR  T790M  muta¬ 
tion  has  been  identified  in  the  context  of 
EGFR  resistance  to  tyrosine  kinase  inhib¬ 
itors,  it  is  usually  found  in  conjunction 
with  a  classific  EGFR  TK  domain  activat¬ 
ing  mutation.  In  the  two  cases  described  in 
this  report,  only  the  T790M  mutation  was 
found.  The  presence  of  the  mutation  alone 
and  also  its  presence  in  prenoplastic  le¬ 
sions,  indicate  that  the  T790M  mutation 
can  occasionally  be  found  in  patients 
whose  lung  tumors  exhibit  primary  drug 
resistance  and  that  this  mutation  may  have 
an  oncogenic  effect  in  lung  respiratory 
epithelial  cells. 
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FIGURE  1.  Epidermal  growth  factor  receptor  ( EGFR )  T790M  Mutation  in  Two  Patients  with  Lung  Cancer.  Panel  A,  shows  the  pedi¬ 
gree  of  the  patient  with  the  germ-line  EGFR  T790M  mutation  (the  patient  is  indicated  by  the  arrow,  and  lung  cancer  is  indicated  by 
solid  symbols).  Panel  B,  shows  a  diagram  of  the  patient's  lungs  illustrating  the  three  synchronous  lung  tumors  and  representative 
microphotographs  from  histologic  analysis  (hematoxylin  and  eosin,  magnification  X400).  Tumor  1  (T1)  was  an  invasive  adenocarci¬ 
noma  located  in  the  right  lower  lobe,  tumor  2  (T2)  was  a  pure  (noninvasive)  bronchioloalveolar  carcinoma  (BAC)  located  in  the 
right  middle  lobe,  and  tumor  3  (T3)  was  a  large-cell  neuroendocrine  carcinoma  (LCNEC)  located  in  the  left  lower  lobe  with  hilar 
lymph  node  metastasis.  Deoxyribonucleic  acid  (DNA)  was  extracted  from  about  1000  microdissected  cells  from  four  sites  in  T1  and 
1  site  each  from  the  T2  and  T3  lymph  node  metastases  (red  circles)  and  then  examined  for  EGFR  mutations  in  exons  18  to  21.  In 
addition,  microdissected  connective  pleural  tissue  (two  sites),  nonmetastatic  lymph  node  (two  sites),  and  normal  bronchial  epithe¬ 
lium  adjacent  to  T1  and  T2  (7  sites)  were  also  examined  (sites  not  indicated).  All  the  specimens,  nonmalignant  and  malignant, 
demonstrated  the  T790M  mutation.  Panel  C,  shows  examples  of  nucleotide  sequence  tracings  illustrating  heterozygosity  with  re¬ 
spect  to  the  T790M  mutation  in  DNA  extracted  from  the  peripheral  mononuclear  blood  cells  and  the  tissue  sites  examined.  Panel 
D,  shows  the  pedigree  of  the  patient  with  the  somatic  EGFR  T790M  mutation  (the  patient  is  indicated  by  the  arrow,  and  lung  can¬ 
cer  is  indicated  by  the  solid  symbols).  Panel  f,  shows  a  diagram  of  the  patient's  lungs  illustrating  the  tumor  and  representative  mi¬ 
crophotographs  from  histologic  analysis  of  the  normal  epithelium  and  tumor  (hematoxylin  and  eosin,  magnification  X400).  In  this 
case,  the  T790M  mutation  was  detected  in  four  of  the  four  tumor  sites  (T,  red  circles)  and  three  of  the  five  normal  bronchial  epithe¬ 
lium  sites  (NE,  mutant:  red  circles,  wild-type:  yellow  circles).  Microdissected  tissue  from  two  pleural  (P,  green  circles)  and  lymph 
node  (LN,  blue  circles)  sites  without  tumor  involvement  had  the  wild-type  allele.  Panel  F,  shows  examples  of  nucleotide  sequence 
tracings  illustrating  heterozygosity  with  respect  to  the  T790M  variant  in  normal  bronchiolar  epithelium  and  tumor  specimen  sites. 
The  lymph  node  sites  and  pleural  tissues  had  the  wild-type  allele. 
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Complete  Response  of 
Recurrent  Squamous 
Cell  Carcinoma  of  the 
Lung:  Dose  the  Dose 
Matter? 

To  the  Editor: 

Bevacizumab  is  a  humanized 
monoclonal  antibody  against  vascular 
endothelial  growth  factor  and  has  shown 
significant  clinical  benefit  in  patients 
with  various  cancers.1  A  randomized 
phase  II  study  comparing  carboplatin 
plus  paclitaxel  with  or  without  bevaci¬ 
zumab  in  non- small  cell  lung  cancer 
patients  demonstrated  that  the  addition 
of  bevacizumab  results  in  an  increase  in 
time  to  disease  progression.2  However, 
because  of  an  increased  risk  of  pulmo¬ 
nary  hemorrhage  with  bevacizumab 
treatment,  a  subsequent  large  phase  III 
study  excluded  patients  with  squamous 
cell  histology.3  In  this  report,  we  present 
an  elderly  patient  with  recurrent  squa¬ 
mous  cell  carcinoma  of  the  lung  who 
achieved  complete  response  after  treat¬ 
ment  with  bevacizumab  plus  carboplatin 
and  paclitaxel  without  developing  any 
hemorrhagic  complications. 

A  79-year-old  man  visited  our 
hospital  in  July  of  2007  with  cough  and 
sputum  for  a  month.  The  patient  under¬ 
went  a  left  upper  lobe  lobectomy  in  May 
of  2005.  Pathology  revealed  poorly  dif¬ 
ferentiated  squamous  cell  carcinoma, 
and  was  staged  as  T2N1M0.  After  sur- 
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gery,  four  cycles  of  vinorelbine  plus 
cisplatin  adjuvant  chemotherapy  were 
administered. 

Upon  admission,  his  Eastern  Co¬ 
operative  Oncology  Group  (ECOG)  per¬ 
formance  status  was  2.  Chest  computed 
tomography  (CT)  scan  revealed  recur¬ 
rence  of  the  disease  in  the  left  main 
bronchus  involving  the  carina,  and  a 
large  intraluminal-protruding  mass  for¬ 
mation  with  internal  necrosis  (Figure  1). 
Biopsy  revealed  a  squamous  cell  carci¬ 
noma,  pathologically  confirming  disease 
recurrence.  Chemotherapy  with  bevaci¬ 
zumab  7.5  mg/kg  combined  with  carbo¬ 
platin,  area  under  the  curve  4,  and  pacli- 
taxel  175  mg/m2  was  given  once  every  3 
weeks  for  4  cycles.  CT  scan  after  the 
second  cycle  showed  complete  response 
(Figure  2)  without  any  evidence  of  pulmo¬ 
nary  hemorrhage.  The  CT  scan  after  the 
fourth  cycle  showed  that  complete  remis¬ 
sion  was  maintained.  After  completing  the 
regimen,  the  patient  has  been  receiving 
bevacizumab  alone  for  an  additional  eight 
cycles  without  evidence  of  recurrence. 

The  efficacy  of  bevacizumab  in  an¬ 
giogenesis  inhibition  in  non-small  cell  lung 


FIGURE  1.  Computed  tomography 
(CT)  scan  at  the  time  of  recurrence.  Ne¬ 
crotic  mass  involved  the  posterior  wall 
of  the  proximal  left  main  bronchus.  Bi¬ 
opsy  was  positive  for  recurrent  squa¬ 
mous  cell  carcinoma. 


FIGURE  2.  Computed  tomography 
(CT)  scan  after  the  second  cycle  of  bev¬ 
acizumab,  carboplatin,  and  paclitaxel 
chemotherapy.  There  was  complete  res¬ 
olution  of  the  necrotic  mass  involving 
the  left  main  stem  bronchus. 


cancer  has  already  been  documented,3’4 
but  comes  at  a  significant  price;  it  is  often 
associated  with  adverse  side  effects,  in¬ 
cluding  pulmonary  hemorrhage,  which 
may  be  a  life-threatening  condition.  A 
randomized  phase  II  study  conducted  by 
Johnson  et  al.2  warned  of  the  risk  of  bleed¬ 
ing  in  tumors  of  the  squamous  cell  histol¬ 
ogy,  tumors  located  close  to  major  vessels, 
and  tumors  with  necrosis  or  cativation. 
Thus,  a  phase  III  trial  (ECOG  4599)  of 
bevacizumab  excluded  patients  with  squa¬ 
mous  cell  histology,  brain  metastasis,  or 
anticoagulation  medications.3 

This  is  the  first  case  report  of  an 
elderly  patient  with  squamous  cell  his¬ 
tology  who  showed  complete  response 
after  being  treated  by  bevacizumab 
combined  with  carboplatin  and  pacli¬ 
taxel.  This  finding  is  significant  in  that 
the  patient  had  a  higher  risk  for  pulmo¬ 
nary  hemorrhage  because  he  was  el¬ 
derly,  had  poor  performance  status,  and 
had  squamous  cell  histology,  which  was 
centrally  located  and  showed  necrosis. 
A  recent  subset  analysis  of  the  ECOG 
4599  trial  revealed  no  survival  benefits 
of  bevacizumab  plus  caboplatin  and 
paclitaxel  for  elderly  patients  (>70 
years).  This  finding  can  be  explained  by 
the  higher  toxicity  when  adding  bevaci¬ 
zumab  to  chemotherapy  compared  with 
chemotherapy  alone.5 

In  our  case,  we  used  a  lower  dose 
of  bevacizumab  (7.5  mg/kg),  and  an 
attenuated  dose  of  carboplatin  (area  un¬ 
der  the  curve  4)  and  paclitaxel  (175 
mg/m2)  compared  with  the  ECOG  4599 
trial.3  It  seems  that  an  attenuated  dose  of 
chemotherapy  and  a  lower  dose  of  bevaci¬ 
zumab  can  reduce  the  complications  and 
the  toxicity.  Further  clinical  studies  will  be 
warranted  to  determine  whether  bevaci¬ 
zumab  is  indeed  a  safe  regimen  in  the 
management  of  squamous  cell  carcinoma 
of  the  lung  and  whether  an  attenuated  dose 
plays  an  important  role  in  elderly  patients. 
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Wood-Smoke  Exposure 
(WSE)  as  a  Predictor  of 
Response  and  Survival 
in  Erlotinib-Treated 
Non-small  Cell  Lung 
Cancer  (NSCLC) 
Patients 

To  the  Editor: 

Coal  and  biomass  serves  as  a  major 
fuel  source  for  >50%  of  the  world’s  pop¬ 
ulation.1  In  Colombia  the  prevalence  of 
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wood-smoke  exposure  (WSE)  in  areas 
having  less  economic  development  is 
around  24%.  The  amount  of  pollution  due 
to  wood-smoke  (WS)  is  elevated;  more¬ 
over,  it  has  been  calculated  that  cooking 
with  wood  for  3  h/d,  exposes  people  to 
similar  amounts  of  benzo-pyrene  as  smok¬ 
ing  3  packs  of  cigarettes/d.1’2  This  con¬ 
firms,  at  least  in  part,  that  carcinogens 
present  in  WS  are  similar  to  those  asso¬ 
ciated  with  tobacco.  There  is  biologic 
plausibility  for  the  association  of  WSE 
and  non- small  cell  lung  cancer  because 
of  a  similar  effect  on  p53,  phospho-p53, 
and  MDM2  protein  expression  as  occurs 
in  tobacco  smokers.3  Another’s,  have 
shown  an  abnormal  GSTP-1  genotype, 
matrix  metalloproteinase  expression, 
and  DNA  adduct  formation.4 

In  a  previous  issue  of  the  JTO, 
Arrieta  et  al.5  described  the  results  of  42 
non-small  cell  lung  cancer  patients  who 
were  being  treated  with  erlotinib  and 
had  been  exposed  to  WS  for  approxi¬ 
mately  40  years;  14%  of  these  subgroup 
patients  had  been  smokers,  overall  re¬ 
sponse  rate  was  34%  and  clinical  benefit 
was  67%.  Histologic  subtype  and  WSE 
were  the  variables  positively  influencing 
erlotinib  response.  The  study  also 
showed  that  the  independent  factor 
which  most  affected  progression-free 
survival  (PFS)  and  overall  survival  was 
WSE,  and  a  mean  of  17.6  and  19.2 
months  has  being  found  for  each  of 
these  outcomes,  respectively.  Neverthe¬ 
less,  response  rate  to  erlotinib  among 
smokers  was  strikingly  high  (19%),  16% 
of  the  subjects  included  had  stage  IIIB 
disease  and  PFS  rate  for  patients  with 
WSE  curiously  proved  to  be  greater  than 
in  patients  having  epidermal  growth  fac¬ 
tor  receptor  mutations.  Mean  follow-up 
time  was  short  (4.5  months)  and  possi¬ 
ble  confusion  variables  (mutational  pro¬ 
file,  smoking  history,  comorbidity)  were 
not  suitably  debugged. 

These  findings  go  against  the 
scientific  aphorisms  used  for  predict¬ 
ing  epidermal  growth  factor  receptor- 
tyrosine  kinase  inhibitors  response  in 
patients  suffering  from  lung  adenocar¬ 
cinoma,  thereby  supporting  a  theory 
regarding  an  alternative  route  for  tu¬ 
mors  being  produced  by  WSE.  The 
main  outcomes  in  a  series  of  156  pa¬ 
tients  suffering  from  lung  adenocarci¬ 
noma  treated  in  Bogota  (Colombia) 


were  analyzed  in  an  attempt  to  ascer¬ 
tain  the  clinical  findings  and  the  bio¬ 
logic  hypothesis  advanced  by  Arrieta’ s 
group.  Average  age  was  64  years,  53% 
were  female,  39%  had  never  been 
smokers,  24%  had  been  considerably 
exposed  to  WS,  and  23%  of  patients 
had  received  erlotinib  during  some 
stage  of  the  disease.  Nine  of  these 
subjects  had  been  exposed  to  WS  and 
27  had  not  been.  Seven  patients  having 
WSE  had  been  smoking  for  an  average 
of  14  years. 

Overall  response  rate  to  erlotinib 
among  patients  with  and  without  WSE 
was  5%  and  47%  (p  =  0.0023),  re¬ 
spectively.  PFS  was  also  significantly 
higher  among  patients  who  had  no 
history  of  WSE  and  who  had  received 
erlotinib  as  first-line  (p  =  0.037)  and 
second-line  intervention  (p  =  0.044). 
Among  patients  having  WSE  history, 
overall  survival  was  6.6  months  (5.8- 
7.3)  for  those  treated  with  erlotinib 
and  15.4  months  (10.7-20.1)  for  those 
not  treated  with  this  compound  (p  = 
0.0022)  (Figure  1).  Such  difference 
could  be  attributed  to  greater  compro¬ 
mise  of  performance  status  in  the 
group  with  WSE  (61%  Eastern  Coop¬ 
erative  Oncology  Group  >2)  due  to 
the  marked  deterioration  of  pulmonary 
function. 

In  line  with  Arrieta’ s  proposal,  a 
multivariate  analysis  was  carried  out 
for  determining  the  factors  influencing 
mortality  among  patients  with  WSE. 
Only  performance  status  (p  =  0.053) 
and  gender  (p  =  0.044)  were  seen  to 
be  significant.  Our  data  did  not  support 
the  findings  described  by  Arrieta  et  al., 
highlighting  the  need  for  more  consis¬ 
tent  studies  in  this  field  to  be  carried 
out  further. 
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FIGURE  1.  Overall  survival  in  patients  treated  with  erlotinib. 
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Current  Approach  to 
T reatment  of 
Non-small  Cell  Lung 
Cancer  in  Developing 
Countries — Time  for  a 
Rethink? 

To  the  Editor: 

Results  of  several  recently  pub¬ 
lished  randomized  trials  (RTs),  suggest 
that  non-small  cell  lung  cancer  (NSCLC) 
with  different  histologic  patterns  may 
respond  differently  to  various  treatment 
modalities  and  thus  may  represent  dif¬ 
ferent  disease  entities.  In  a  phase  III  RT 
comparing  pemetrexed-cisplatin  versus 
gemcitabine-cisplatin  for  previously  un¬ 
treated  advanced  NSCLC,  it  was  ob¬ 
served  that  among  patients  with  adenocar¬ 
cinoma,  overall  survival  was  statistically 
superior  for  pemetrexed  compared  with 
gemcitabine  (12.6  versus  10.9  months; 
hazards  ratio  [HR]  =  0.84;  95%  Cl  = 
0.71-0.99;  p  =  0.031)  while  the  reverse 
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was  seen  with  squamous  histology  (9.4 
versus  10.8  months;  HR  =  1.23;  95% 
Cl  =  1.00-1.51;  p  =  0.05). 1  Nonsqua- 
mous  histology  (as  a  group)  had  results 
similar  to  adenocarcinoma. 1  Differences 
in  progression  free  survival  based  on 
histology  have  also  been  observed  in 
other  RTs  using  third-generation  plati¬ 
num-based  doublets  for  chemo-naive 
patients  with  advanced  NSCLC.2’3  Even 
in  the  second  line  setting,  pemetrexed 
has  been  demonstrated  to  result  in  supe¬ 
rior  median  overall  survival  and  pro¬ 
gression  free  survival  for  patients  with 
adenocarcinoma.4  However,  for  squamous 
or  large-cell  histology,  the  drug  fared  no 
better  than  placebo.4  An  individual  pa¬ 
tient  data  meta- analysis  involving  2968 
patients  from  9  RTs  compared  the  effi¬ 
cacy  of  cisplatin  versus  carboplatin  when 
used  in  first  line  chemotherapy  for  ad¬ 
vanced  NSCLC.5  Here  also,  carboplatin 
was  associated  with  increased  mortality 
for  nonsquamous  histology  (HR  =  1.12; 
95%  Cl  =  1.01-1.23). 5 

In  addition,  there  is  evidence  to 
suggest  that  vascular  endothelial  growth 
factor  receptor  antagonists  and  tyrosine 
kinase  inhibitors  seem  to  exert  benefi¬ 
cial  effects  predominantly  in  patients 
with  adenocarcinoma  and  nonsquamous 
histologic  types.  Bevacizumab  has  in 
fact  been  shown  to  be  detrimental  in 
squamous  histology.  Squamous  histol¬ 
ogy  remains  a  favorable  prognostic 
factor  for  patients  undergoing  lung  re¬ 
sectional  surgery  in  both  prospective 
and  retrospective  studies.  The  con¬ 
verse  has,  however,  been  observed  in 
unresectable  disease.  Thus,  besides 
being  an  important  predictive  factor 
for  different  therapeutic  modalities, 
histologic  type  remains  an  important 
prognostic  factor  as  well. 

With  the  growing  body  of  evi¬ 
dence  to  suggest  that  NSCLC  is  a 
heterogeneous  disease,  an  important 
question  that  arises  is  that  are  we  still 
justified  in  clubbing  all  the  different 
histologic  types  as  one  disease  entity? 
Identification  of  genomic,  proteomic 
and/or  pharmacogenomic  differences 
between  different  histologic  patterns 
could  be  helpful  in  practicing  ‘person¬ 
alized  medicine.’  However,  carrying 
out  such  kind  of  analyses  for  each 
patient  is  usually  not  possible  in  health 
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care  resource  and  economically  con¬ 
strained  countries. 

The  next  question  is  whether,  in 
the  absence  of  any  or  all  of  these,  can 
NSCLC  be  reclassified  or  sub  classi¬ 
fied  so  that  therapeutic  decision  mak¬ 
ing  does  not  get  unnecessarily  compli¬ 
cated?  One  can  debate  whether  it  would 
be  more  appropriate  to  classify  lung 
cancer  into  three  main  groups  namely 
small-cell,  adenocarcinoma,  and  non¬ 
adenocarcinoma  (or  alternatively,  into 
small-cell,  squamous,  and  nonsqua- 
mous).  A  second  option  could  even  be 
to  keep  NSCLC  as  a  broad  group  in¬ 
tact  but  divide  it  further  into  adenocar¬ 
cinoma,  squamous,  and  nonadeno- 
nonsquamous  subtypes  for  the  purpose 
of  management  decision  making. 


It  is  not  easy  to  resolve  this  issue  and 
conduct  of  RTs  in  the  future  on  patients  with 
a  particular  histology  is  therefore  required. 
The  ultimate  aim  of  classification  is  that 
each  patient  can  be  offered  treatment  that  is 
likely  to  produce  the  most  clinical  benefit 
with  the  least  possible  toxicity  profile  even 
if  genomic,  proteomic  or  pharmacog- 
enomic  analyses  are  not  available. 
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Abstract 

Tumor  necrosis  factor-related  apoptosis-inducing  ligand 
(TRAIL)  preferentially  induces  apoptosis  in  transformed  or 
malignant  cells,  thus  exhibiting  potential  as  a  tumor-selective 
apoptosis-inducing  cytokine  for  cancer  treatment.  Many 
studies  have  shown  that  the  apoptosis-inducing  activity  of 
TRAIL  can  be  enhanced  by  various  cancer  therapeutic  agents. 
R1 15777  (tipifarnib)  is  the  first  farnesyltransferase  inhibitor 
(FTI)  that  showed  clinical  activity  in  myeloid  malignancies. 
In  general,  R1 15777,  like  other  FTIs,  exerts  relatively  weak 
effects  on  the  induction  of  apoptosis  in  cancer  cells  with 
undefined  mechanism(s).  In  the  current  study,  we  studied  its 
effects  on  the  growth  of  human  lung  cancer  cells,  including 
induction  of  apoptosis,  and  examined  potential  underlying 
mechanisms  for  these  effects.  We  showed  that  R1 15777 
induced  apoptosis  in  human  lung  cancer  cells,  in  addition  to 
inducing  Gx  or  G2-M  arrest.  Moreover,  we  found  that 
R1 15777  up-regulated  the  expression  of  death  receptor  5 
(DR5),  an  important  death  receptor  for  TRAIL,  and  exhibited 
an  augmented  effect  on  the  induction  of  apoptosis  when 
combined  with  recombinant  TRAIL.  Blockage  of  DR5 
induction  by  small  interfering  RNA  (siRNA)  abrogated  the 
ability  of  R1 15777  to  enhance  TRAIL-induced  apoptosis, 
indicating  that  R1 15777  augments  TRAIL-induced  apoptosis 
through  up-regulation  of  DR5  expression.  Thus,  our  findings 
show  the  efficacy  of  R1 15777  in  human  lung  cancer  cells  and 
suggest  that  R1 15777  may  be  used  clinically  in  combination 
with  TRAIL  for  treatment  of  human  lung  cancer.  [Cancer  Res 
2007;67(10):4973-80] 

Introduction 

The  tumor  necrosis  factor-related  apoptosis-inducing  ligand 
(TRAIL)  receptor  death  receptor  5  (DR5,  also  named  TRAIL-R2, 
TRICK2,  or  Killer/DR5)  is  one  of  the  death  receptors  that  share  a 
similar,  cysteine-rich  extracellular  domain  and  additional  cytoplas¬ 
mic  death  domain  (1).  DR5  locates  at  the  cell  surface,  becomes 
activated  or  oligomerized  (trimerized)  upon  binding  to  its  ligand 
TRAIL  or  overexpression,  and  then  signals  apoptosis  through 
caspase-8-mediated  rapid  activation  of  caspase  cascades  (1,  2). 
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Recently,  DR5  has  attracted  much  more  attention  because  its 
ligand  TRAIL  preferentially  induces  apoptosis  in  transformed  or 
malignant  cells,  thus  demonstrating  potential  as  a  tumor-selective 
apoptosis-inducing  cytokine  for  cancer  treatment  (3,  4).  Certain 
cancer  therapeutic  agents  induce  the  expression  of  DR5  in  cancer 
cells  and  are  thereby  able  to  augment  TRAIL-induced  apoptosis  or 
initiate  apoptosis  (5-7). 

Farnesyltransferase  inhibitors  (FTI)  are  a  class  of  agents  that 
suppress  the  farnesytltransferase  enzyme  to  prevent  certain 
proteins  such  as  the  Ras  oncoprotein  from  undergoing  farnesyla- 
tion  (8-10).  These  agents  inhibit  proliferation  and  induce  apoptosis 
in  various  types  of  cancer  cell  lines  in  culture  or  suppress  the 
growth  of  xenografts  in  nude  mice  with  limited  toxicity  (8-10).  In 
the  clinic,  FTIs  are  well  tolerated  and  have  some  positive  outcomes 
in  certain  settings,  such  as  hematologic  malignancies  and  breast 
cancer,  although  the  response  rates  to  FTIs  alone  are  generally 
poor.  When  combined  with  other  therapeutic  agents  or  radiother¬ 
apy,  FTIs  exhibits  some  encouraging  clinical  responses  (8,  10). 
Although  FTIs  were  historically  developed  as  anti-Ras  agents,  it  is 
now  generally  agreed  upon  that  FTIs  exert  their  antitumor  activity 
independent  of  their  activity  on  inhibiting  Ras  farnesylation  (8,  9). 
Otherwise,  the  mechanisms  underlying  the  antitumor  effects  of 
FTIs  remain  largely  undefined. 

R1 15777  is  one  of  the  clinically  tested  FTIs  and  is  the  first  one  to 
show  clinical  activity  in  myeloid  malignancies  (11).  Preclinical 
studies  have  shown  that  this  agent  inhibited  the  growth  of  the 
majority  of  tested  human  cancer  cell  lines  (12),  induced  apoptosis 
in  certain  types  of  cancer  cells  (13-15),  and  suppressed  the 
growth  of  tumor  xenografts  in  nude  mice  with  an  increase  in 
apoptotic  index  (12,  16).  When  R1 15777  was  combined  with  other 
therapeutic  agents,  such  as  taxol  and  the  proteasome  inhibitor 
bortezomib,  enhanced  effects  on  growth  inhibition  or  apoptosis 
induction  were  observed  (17-19).  Moreover,  R1 15777  was  also 
effective  in  inhibiting  the  growth  of  chemical-induced  lung 
carcinogenesis  in  mice  (20),  suggesting  potential  activity  as  a 
chemopreventive  agent.  In  the  clinic,  the  most  promising  activity 
of  R1 15777  has  been  seen  primarily  in  hematologic  malignancies 
(8, 11).  Although  R1 15777  as  a  single  agent  exhibited  limited  clinical 
activity  in  solid  tumors,  when  used  in  combination  with  other 
agents  such  as  tamoxifen,  it  did  induce  responses  in  some  patients 
with  solid  tumors  (8). 

In  an  effort  to  elucidate  the  molecular  mechanisms  of  FTI- 
induced  growth  arrest  and  apoptosis  and  to  develop  mechanism- 
oriented,  FTI-based  combination  regimens  for  effective  treatment 
of  cancer,  we  found  that  R1 15777  up-regulated  DR5  expression, 
including  causing  an  increase  in  cell  surface  DR5  levels. 
Accordingly,  R1 15777  cooperated  with  TRAIL  to  enhance  induction 
of  apoptosis  in  human  lung  cancer  cells.  Thus,  our  findings  in  this 
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Figure  1.  R1 15777  inhibits  cell  growth  (A)  and  induces  apoptosis  ( B )  and  cell  cycle  arrest  (C)  in  human  lung  cancer  cells.  A,  the  indicated  cell  lines  were  seeded  in 
96-well  plates.  On  the  second  day,  the  cells  were  treated  with  different  concentrations  of  R1 15777.  After  3  d,  the  cells  were  fixed  and  subjected  to  estimation  of 
cell  number  using  the  sulforhodamine  B  assay.  IC50  refers  to  the  concentration  that  decreases  cell  number  by  50%;  B,  the  indicated  cell  lines  were  treated  with 
0,  5,  and  10  pmol/L  of  R1 15777  in  medium  with  either  5%  or  0.1%  FBS.  After  48  h,  the  cells  were  harvested  for  analysis  of  sub-G-i  population  by  flow  cytometry; 

C,  the  indicated  cell  lines  were  treated  with  DMSO  or  5  pmol/L  of  R1 15777  in  medium  with  5%  FBS.  After  48  h,  the  cells  were  harvested  for  analysis  of  cell 
cycle  distribution  by  flow  cytometry. 


study  provide  a  scientific  rationale  for  the  combination  of  R1 15777 
and  TRAIL  for  the  treatment  of  human  lung  cancer  and  possibly 
other  types  of  cancer  as  well. 

Materials  and  Methods 

Reagents.  R1 15777  was  provided  by  Johnson  &  Johnson  Pharmaceutical 
Research  and  Development,  LLC.  It  was  dissolved  in  DMSO  at  a 
concentration  of  10  mmol/L,  and  aliquots  were  stored  at  —  80  °C.  Stock 
solutions  were  diluted  to  the  desired  final  concentrations  with  growth 
medium  just  before  use.  Soluble  recombinant  human  TRAIL  was  purchased 
from  PeproTech  Inc.  Rabbit  polyclonal  anti-DR5  antibody  was  purchased 
from  ProSci  Inc.  Mouse  monoclonal  anti-caspase-3  was  purchased  from 
Imgenex.  Rabbit  polyclonal  anti-caspase-9,  anti-caspase-8,  and  anti- 
poly(ADP-ribose)  polymerase  (PARP)  antibodies  were  purchased  from  Cell 
Signaling  Technology,  Inc..  Mouse  monoclonal  anti-RasGAP  antibody  (B4F8) 
was  purchased  from  Santa  Cruz  Biotechnology.  Mouse  monoclonal  anti- 
HDJ-2  antibody  (clone  KA2A5.6)  was  purchased  from  Lab  Vision  Corp. 


Mouse  monoclonal  anti-FLICE  inhibitory  protein  (FLIP)  antibody  (NF6) 
was  purchased  from  Alexis  Biochemicals.  Rabbit  polyclonal  anti-(3.-actin 
antibody  was  purchased  from  Sigma  Chemical  Co. 

Cell  lines  and  cell  cultures.  All  human  lung  cancer  cell  lines  used  in  this 
study  were  purchased  from  the  American  Type  Culture  Collection.  11157- 
Lac  Z-5  and  H157-FLIPl-6,  which  stably  express  Lac  Z  and  FLIPl, 
respectively,  were  described  previously  (21).  These  cell  lines  were  grown 
in  monolayer  culture  in  RPMI  1640  supplemented  with  glutamine  and  5% 
fetal  bovine  serum  (FBS)  at  37°  C  in  a  humidified  atmosphere  consisting  of 
5%  C02  and  95%  air. 

Western  blot  analysis.  The  procedures  for  preparation  of  whole-cell 
protein  lysates  and  Western  blot  analysis  were  described  previously  (22,  23). 

Detection  of  DR5  mRNA  expression.  DR5  mRNA  was  detected  using 
reverse  transcription-PCR  (RT-PCR)  described  as  follows.  Total  RNA  was 
isolated  from  cells  using  TRI  Reagent  (Sigma  Chemical  Co.)  as  instructed  by 
the  manufacturer.  First-strand  cDNA  was  synthesized  from  2  pg  of  total 
RNA  using  iScript  cDNA  Synthesis  Kit  (Bio-Rad  Laboratories)  following  the 
manufacturer’s  instructions.  The  given  cDNAs  were  then  amplified  by  PCR 
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using  the  following  primers:  DR5  sense  5-GACCTAGCTCCCCAGCAGA- 
GAG-3',  DR5  antisense  5'-CGGCTGCAACTGTGACTCCTAT-3',  (3-actin 
sense,  5'-GAAACTACCTTCAACTCCATC-3',  and  (3-actin  antisense  5'-CTA- 
GAAGCATTTGCGGTGGACGATGGAGGGGCC-5'.  The  25-pL  amplification 
mixture  contained  2  pL  of  cDNA,  0.5  pL  of  deoxynucleotide  triphosphate 
(25  mmol/L  each),  1  pL  each  of  the  sense  and  antisense  primers  (20  pmol/L 
each),  5  pL  of  TaqMaster  PCR  enhancer,  1  pL  of  Taq  DNA  polymerase 
(5  units/pL;  Eppendorf),  2.5  pL  10  X  reaction  buffer,  and  sterile  H20.  PCR 
was  done  for  28  cycles.  After  an  initial  step  at  95  °C  for  3  min,  each  cycle 
consisted  of  50  s  of  denaturation  at  94°  C,  50  s  of  annealing  at  58  °C,  and  55  s 
of  extension  at  72  °C.  This  was  followed  by  an  additional  extension  step  at 
72° C  for  10  min.  The  housekeeping  gene  (3-actin  was  also  amplified  as  an 
internal  reference.  PCR  products  were  resolved  by  electrophoresis  on  a  2% 
agarose  gel,  stained,  and  directly  visualized  under  UV  illumination. 

Construction  of  DR5  reporter  plasmids,  transient  transfection,  and 
luciferase  activity  assay.  The  plasmid  containing  a  S'-flanking  region  of 
DR5  gene  was  kindly  provided  by  Dr.  G.S.  Wu  (Wayne  State  University 
School  of  Medicine,  Detroit,  MI).  We  then  used  this  plasmid  as  a  template  to 
amplify  different  lengths  of  the  S'-flanking  region  of  the  DR5  gene  by  PCR 
and  then  subcloned  these  fragments,  respectively,  into  pGL3-basic  reporter 
vector  (Promega)  through  Kpn\  and  Bglll  restriction  sites.  In  the  PCR 
amplification,  the  reverse  primer  5-CTTAAGATCTGGCGGTAGG- 
GAACGCTCTTATAGTC-3'  was  used  to  make  all  deletion  constructs.  The 
upstream  primers  used  were  5'-CTTAGGTACCTGGCTCGTCTGTTCCTC- 
TACGGCCCC-3'  (-3,070),  5'-CTTAGGTACCTCAACTCATTTCCCC- 
CAAGTTTC-3'  (-420),  and  5'-CTTAGGTACCACCCAGAAACAAACC- 
ACAGCCCGGG-3'  (—373),  respectively.  These  constructs  were  then  named 
pGL3-DR5(— 3070),  pGL3-DR5(— 420),  and  pGL3-DR5(— 373),  respectively. 


For  examining  the  effect  of  R1 15777  on  DR5  transactivation  activity,  cells 
were  seeded  in  24-well  plates  and  cotransfected  with  the  given  reporter 
plasmid  (0.5  pg  per  well)  and  pCHHO  plasmid  encoding  (3-galactosidase 
( (3-gal;  Pharmacia  Biotech;  0.2  pg  per  well)  using  FuGene  6  transfection 
reagent  (3:1  ratio;  Roche  Molecular  Biochemicals)  following  the  manufac¬ 
turer’s  protocol.  Twenty-four  hours  later,  the  cells  were  treated  with 
R1 15777.  After  12  h,  the  cells  were  lysed  and  subjected  to  luciferase  activity 
assay  using  Luciferase  Assay  System  (Promega)  in  a  luminometer.  Relative 
luciferase  activity  was  normalized  to  (3-gal  activity,  which  was  measured  as 
described  previously  (24). 

Detection  of  cell  surface  DR5.  Cell  surface  DR5  expression  was 
analyzed  using  flow  cytometry  as  described  previously  (25).  The  mean 
fluorescence  intensity  (MFI)  that  represents  antigenic  density  on  a  per-cell 
basis  was  used  to  represent  DR5  expression  level.  Phycoerythrin-conjugated 
mouse  anti-human  DR5  monoclonal  antibody  (DJR2-4),  anti-human  DR4 
monoclonal  antibody  (DJR1),  and  mouse  immunoglobulin  Gx  (IgGx)  isotype 
control  (MOPC-21/P3)  were  purchased  from  eBioscience. 

Detection  of  caspase  activation  and  apoptosis.  Caspase  activation 
and  their  substrate  cleavage  were  detected  by  Western  blot  analysis  as 
described  above.  Apoptosis  was  detected  using  an  annexin  V:phycoery- 
thrin  Apoptosis  Detection  kit  purchased  from  BD  Biosciences  following 
the  manufacturer’s  instructions.  In  addition,  sub-G]  was  also  measured  by 
flow  cytometry  as  described  previously  (26)  as  another  indication  of 
apoptosis. 

Cell  survival  assay.  Cells  were  seeded  in  96-well  cell  culture  plates  and 
treated  on  the  second  day  with  the  indicated  agents.  At  the  end  of 
treatment,  cell  number  was  estimated  by  the  sulforhodamine  B  assay  as 
previously  described  (27).  The  cell  survival  was  presented  as  the  percentage 
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Figure  2.  R1 15777  increases  DR5  expression  at  both  protein  (A  and  B )  and  mRNA  (C)  levels  and  transactivates  DR5  promoter  (D)  in  human  lung  cancer  cells. 

A  and  B,  the  indicated  cell  lines  were  treated  with  the  given  concentrations  of  R1 15777  for  16  h  (A),  or  HI 792  cells  were  treated  with  5  |amol/L  R1 15777  for  the 
indicated  times  ( B ).  Whole-cell  protein  lysates  were  then  prepared  from  aforementioned  treatments  for  detection  of  DR5  and  HDJ-2  using  Western  blot  analysis. 

U,  unprocessed;  P,  processed;  C,  the  indicated  cell  lines  were  exposed  to  the  given  concentrations  of  R1 15777  for  12  h.  Cellular  total  RNA  was  then  prepared  for 
detection  of  DR5  mRNA  using  RT-PCR.  Actin  levels  were  used  as  an  internal  control.  D,  the  given  reporter  constructs  with  different  lengths  of  the  5'-flanking  region  of 
the  DR5  gene  were  cotransfected  with  pCHIIO  plasmid  into  H1792  cells.  After  24  h,  the  cells  were  treated  with  DMSO  or  10  |amol/L  R1 15777  for  12  h  and  then 
subjected  to  luciferase  assay.  Columns,  means  of  triplicate  determinations;  bars,  SD. 
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Figure  3.  R1 15777  increases  cell  surface  DR5  distribution.  Both  H1792  and 
HI  57  cell  lines  were  exposed  to  10  |amol/L  for  16  h  .A,  the  cells  were  then 
harvested,  stained  with  phycoerythrin-conjugated  DR5  or  DR4  antibody,  and 
analyzed  by  flow  cytometry.  Filled  gray  peak,  cells  stained  with  matched 
phycoerythrin-conjugated  IgG  isotype.  Open  peaks,  cells  stained  with 
phycoerythrin-conjugated  anti-DR5  or  anti-DR4  antibody.  B,  summary  of 
changes  in  MFIs  from  cells  treated  with  R1 15777  as  presented  in  (A). 


of  control  as  calculated  by  using  the  equation:  AjAc  x  100,  where  At  and  Ac 
represent  the  absorbance  in  treated  and  control  cultures,  respectively. 

Cell  cycle  analysis.  Cell  were  seeded  in  10- cm- diameter  cell  culture 
dishes  and  treated  on  the  second  day  with  DMSO  control  or  R1 15777.  At  the 
end  of  treatment,  cells  were  trypsinized,  and  single-cell  suspensions  were 
subjected  to  staining  and  subsequent  analysis  of  cell  cycle  by  flow 
cytometry  as  described  previously  (28). 

Silencing  of  DR5  expression  using  small  interfering  RNA.  High-purity 
control  (nonsilencing)  and  DR5  small  interfering  RNA  (siRNA)  oligos  were 
described  previously  (23)  and  synthesized  from  Qiagen.  The  transfection  of 
siRNA  was  conducted  in  a  24- well  plate  (1  pg  per  well)  using  Lipofect- 
AMINE  transfection  reagent  purchased  from  Invitrogen  following  the 
manufacturer’s  instruction.  Forty-eight  hours  after  the  transfection,  cells 
were  treated  with  R1 15777  alone,  TRAIL  alone,  and  their  combination. 
Gene-silencing  effect  was  evaluated  by  Western  blot  analysis,  and  apoptosis 
was  measured  with  annexin  V  staining. 

Results 

R1 15777  effectively  inhibits  the  growth  of  human  lung 
cancer  cells  through  induction  of  apoptosis  and  growth  arrest. 

The  effects  of  R1 15777  on  the  growth  of  human  lung  cancer  cells 
have  not  been  systemically  evaluated.  Therefore,  we  examined  the 


effects  of  R1 15777  on  the  growth  of  a  panel  of  human  non-small 
cell  lung  cancer  cells  by  different  assays.  R1 15777  effectively 
inhibited  the  growth  of  six  tested  cell  lines  by  measuring  cell 
number,  with  IC50s  ranging  from  2  to  6  pmol/L  after  a  3-day 
exposure  (Fig.  L4).  Under  normal  culture  condition  (i.e.,  5%  FBS), 
R1 15777  in  general  was  a  weak  inducer  of  apoptosis  because  it 
induced  apoptosis  in  some  cell  lines  (e.g.,  H358  and  H1299)  but  not 
in  others  (e.g.,  A549  and  HI 57).  However,  under  low-serum  (i.e., 
0.1%)  culture  conditions,  the  effects  of  R1 15777  on  apoptosis 
induction  were  substantially  enhanced  in  all  of  the  tested  cell  lines. 
Under  both  culture  conditions,  A549  and  HI 57  were  relatively 
resistant  to  R115777-induced  apoptosis  (Fig.  IB).  In  addition  to 
induction  of  apoptosis,  R1 15777  induced  cell  cycle  arrest  either  at 
the  G1  phase  (i.e.,  H157,  A549,  and  H1299)  or  at  the  G2-M  phase  (i.e., 
H460,  H1792,  and  H358),  indicating  that  R1 15777  induces  growth 
arrest.  Collectively,  these  results  show  that  R1 15777  inhibits  the 
growth  of  human  lung  cancer  cells  through  the  induction  of 
apoptosis  and/or  growth  arrest. 

R1 15777  induces  DR5  expression  in  human  lung  cancer  cells. 

To  understand  the  mechanism  by  which  R1 15777  induces  apoptosis, 
we  screened  its  effects  on  the  expression  of  certain  genes  related  to 
apoptosis.  Our  preliminary  results  indicate  that  DR5  is  a  gene  up- 
regulated  in  cells  exposed  to  R1 15777.  Therefore,  we  did  detailed 
experiments  to  study  the  effects  of  R1 15777  on  the  expression  of  DR5 
in  a  panel  of  human  lung  cancer  cells.  We  found  that  R1 15777  at 
concentrations  ranging  from  2.5  to  10  pmol/L  increased  DR5  protein 
levels  in  a  concentration-dependent  manner.  The  most  dramatic 
increase  in  DR5  levels  post-Rl  15777  exposure  were  observed  in 
H1792  cells  and  H1299  cell  lines  (Fig.  2 A).  R1 15777  induced  a  weak 
increase  in  DR5  levels  in  HI 57  cells.  Time  course  analysis  indicated 
that  R1 15777  started  to  increase  DR5  levels  at  3  h,  which  was 
sustained  up  to  24  h  (Fig.  2 B).  Under  these  conditions,  the 
farnesylation  of  HDJ-2  protein  was  apparently  inhibited  (Fig.  2 A 
and  B),  indicating  that  R1 15777  indeed  inhibits  protein  farnesy¬ 
lation  in  the  tested  cell  lines.  Moreover,  we  determined  whether 
R1 15777  up-regulated  DR5  at  the  transcriptional  level.  R1 15777 
increased  not  only  DR5  mRNA  levels  evaluated  by  RT-PCR 
(Fig.  2C),  but  also  the  luciferase  activity  of  the  cells  transfected 
with  reporter  plasmids  with  different  lengths  of  the  5'-flanking 
region  of  the  DR5  gene  ranging  from  3,070  to  373  bp  upstream  of 
the  translation  start  site  (Fig.  2D).  These  results  show  that 
R1 15777  induces  DR5  expression  at  the  transcriptional  level. 

R1 15777  induces  cell  surface  DR5  distribution.  Because  DR5 
is  a  functional  protein  on  the  cell  surface,  we  then  analyzed  cell 
surface  DR5  levels  in  cells  exposed  to  R1 15777.  As  shown  in  Fig.  3 A, 
both  H1792  and  H157  cells  treated  with  R1 15777  exhibited 
increased  fluorescent  intensity  of  DR5  staining  in  comparison  with 
DMSO-treated  cells  (i.e.,  DR5  staining  peak  shifted  to  the  right). 
The  MFIs  in  both  H1792  and  H157  cells  were  increased  close  to 
4-fold  over  those  in  DMSO-treated  cells  (Fig.  3 B).  These  results 
clearly  indicate  that  R1 15777  increases  the  amounts  of  DR5  on  the 
cell  surface.  We  also  analyzed  the  effects  of  R1 15777  on  the 
distribution  of  cell  surface  DR4,  a  protein  with  similar  functions  to 
DR5,  in  these  cell  lines.  R1 15777  increased  cell  surface  DR4  in  H157 
cells  (1.95-fold),  but  only  minimally  in  H1792  cells  (1.32-fold;  Fig.  3). 
Thus,  these  results  indicate  that  R1 15777  primarily  increases  cell 
surface  DR5  in  human  lung  cancer  cells. 

R1 15777  cooperates  with  TRAIL  to  induce  apoptosis  in 
human  lung  cancer  cells.  Because  R1 15777  increases  cell  surface 
DR5,  we  hypothesized  that  R1 15777  would  sensitize  cells  to  TRAIL- 
induced  apoptosis.  Therefore,  we  examined  the  effects  of  the 
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combination  of  R1 15777  and  TRAIL  on  cell  survival  and  apoptosis 
in  human  lung  cancer  cells.  As  presented  in  Fig.  4 A,  the 
combination  of  R1 15777  and  TRAIL  worked  better  than  each 
single  agent  in  decreasing  cell  survival.  Accordingly,  the  combina¬ 
tion  was  more  potent  than  each  single  agent  in  inducing  apoptosis 
estimated  by  annexin  V  staining  (Fig.  45).  For  example,  R1 15777  at 
5  pmol/L  and  TRAIL  at  20  ng/mL  alone  induced  11.5%  and  22.4% 
of  cells  to  undergo  apoptosis,  respectively,  whereas  their  combina¬ 
tion  induced  40%  of  cells  to  undergo  apoptosis.  Thus,  it  seems  that 
the  combination  of  R1 15777  and  TRAIL  synergistically  induces 
apoptosis.  Moreover,  we  examined  the  effects  of  R1 15777  and 
TRAIL  combination  on  the  activation  of  caspase  cascades.  R1 15777 
alone  at  concentrations  ranging  from  2.5  to  10  pmol/L  did  not 
cause  cleavage  of  the  tested  caspases.  TRAIL  alone  at  20  ng/mL 
weakly  induced  cleavage  of  caspases  and  caspase-3  substrates, 
PARP,  and  RasGAP.  However,  their  combinations  exhibited 
enhanced  effects  on  cleavage  of  these  proteins  (Fig.  4C).  As  the 


concentrations  of  R1 15777  in  the  combinations  were  increased,  the 
cleavage  of  the  caspases  and  related  proteins  were  more 
pronounced.  Thus,  the  combination  of  R1 15777  and  TRAIL 
augments  activation  of  caspases,  further  indicating  that  R1 15777 
cooperates  with  TRAIL  to  induce  apoptosis. 

R1 15777  enhances  TRAIL-induced  apoptosis  through  up- 
regulation  of  DR5.  To  determine  whether  R1 15777  enhances 
TRAIL-induced  apoptosis  through  DR5  up-regulation,  we  examined 
the  effects  of  R1 15777  and  TRAIL  combination  on  apoptosis 
induction  in  cells  where  DR5  expression  was  silenced  with  DR5 
siRNA.  In  control  siRNA-transfected  cells,  R1 15777  increased  DR5 
levels  (Fig.  5 A,  lane  2).  In  DR5  siRNA-transfected  cells,  the  basal 
levels  of  DR5  were  reduced  (Fig.  5 A,  lane  5)  and  not  increased 
further  by  R1 15777  (Fig.  5 A,  lane  6).  These  results  indicate  a 
successful  silencing  of  DR5  expression.  By  apoptotic  assay,  we 
detected  up  to  70%  apoptotic  cells  in  control  siRNA-transfected 
cells,  but  only  28%  apoptotic  cells  in  DR5  siRNA-transfected  cells 
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Figure  4.  Combination  of  R1 15777  and  TRAIL  exerts  augmented  effects  on  decreasing  cell  survival  (A),  inducing  apoptosis  ( B ),  and  activating  caspases  (C).  A,  the 
indicated  cell  lines  were  treated  with  the  indicated  concentrations  of  R1 15777  alone,  25  ng/mL  TRAIL  alone,  and  their  respective  combinations  as  indicated.  After 
24  h,  cell  number  was  estimated  using  sulforhodamine  B  assay  for  calculation  of  cell  survival;  B,  HI 57  cells  were  treated  with  the  indicated  concentrations  of  R1 15777 
alone,  20  ng/mL  TRAIL  alone,  and  their  respective  combinations  as  indicated.  After  24  h,  the  cells  were  harvested  for  measurement  of  apoptosis  using  annexin 
V  staining.  The  percent  positive  cells  in  the  top  right  and  bottom  right  quadrants  were  added  to  yield  the  total  of  apoptotic  cells.  The  cells  in  the  bottom  left  quadrant  were 
surviving  cells;  C,  HI 57  cells  were  treated  with  the  indicated  concentrations  of  R1 15777  alone,  20  ng/mL  TRAIL  alone,  and  their  respective  combinations  for  16  h. 
The  cells  were  then  subjected  to  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis  for  detecting  cleavage  of  caspases  and  their  substrates. 
Casp,  caspase. 
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upon  treatment  with  R1 15777  and  TRAIL  combination  (Fig.  5 B). 
Collectively,  these  results  clearly  indicate  that  up-regulation  of  DR5 
is  a  key  event  that  mediates  augmentation  of  apoptosis  induced  by 
the  combination  of  R1 15777  and  TRAIL.  We  noted  that  more 
apoptotic  cells  were  detected  in  control  siRNA-transfected  HI 57 
cells  treated  with  either  TRAIL  or  the  combination  of  R1 15777  and 
TRAIL  compared  with  the  result  presented  in  Fig.  4 B  generated 
from  the  same  cell  line  exposed  to  the  similar  treatment.  In 
another  transfection  experiments,  we  generated  identical  results 
from  control  siRNA-transfected  HI 57  cells  treated  with  the  same 
combination.  Therefore,  it  is  possible  that  the  transfected  cells  are 
somehow  more  susceptible  than  their  parental  cells  to  undergo 
apoptosis  upon  treatment  with  TRAIL  or  the  combination  of 
R1 15777  and  TRAIL.  Of  course,  the  discrepancy  may  also  be  caused 
by  varied  activities  of  different  batches  of  recombinant  TRAIL. 

R1 15777  modulates  c-FLIP  expression  in  a  cell  line- 
dependent  manner.  c-FLIP  including  FLIPl  and  FLIPS  are  key 
proteins  that  negatively  regulate  the  extrinsic  death  receptor- 
mediated  apoptotic  pathway  by  inhibiting  caspase-8  activation 
(29).  Some  cancer  therapeutic  agents  enhance  cell  sensitivity  to 
TRAIL-induced  apoptosis  via  down-regulation  of  c-FLIP  expression 
(30-33).  Therefore,  we  further  examined  the  effects  of  R1 15777  on 
c-FLIP  expression  in  human  lung  cancer  cells.  In  H1792  cells, 
R1 15777  at  the  given  concentrations  decreased  the  levels  of  both 
FLIPl  and  FLIPS.  However,  R1 15777  slightly  increased  the  levels  of 
both  forms  of  c-FLIP  in  HI 57  and  A549  cells.  We  detected  neither 
basal  levels  of  c-FLIP  nor  clear  modulation  by  R1 15777  in  H1299 
cells  (Fig.  6 A).  Thus,  it  seems  that  R1 15777  exerts  a  cell  line- 
dependent  modulation  of  c-FLIP  in  human  lung  cancer  cells. 

Enforced  expression  of  exogenous  c-FLIP  protects  cells 
from  apoptosis  induced  by  the  combination  of  R1 15777  and 
TRAIL.  Because  the  combination  of  R1 15777  and  TRAIL  still 
augmented  apoptosis  in  the  HI 57  cell  line,  in  which  c-FLIP  levels 
were  increased,  we  examined  whether  enforced  expression  of 
exogenous  c-FLIP  inhibited  apoptosis  induced  by  the  combination 
of  R1 15777  and  TRAIL.  By  means  of  lentiviral  infection,  we 
established  a  stable  H157  cell  line  that  expressed  high  levels  of 


exogenous  FLIPl  (Fig.  6 B).  In  Lac  Z  (control) -transfected  cell  line, 
we  detected  —2%,  10%,  14%,  and  42%  annexin  V-positive 
(apoptotic)  cells  from  cells  treated  with  DMSO,  R1 15777,  TRAIL, 
and  the  combination  of  R1 15777  and  TRAIL,  respectively.  However, 
annexin  V-positive  cells  were  ~  2%,  3%,  2%,  and  6%  in  FLIPl- 
transfected  H157  cells  treated  with  DMSO,  R1 15777,  TRAIL,  and 
the  combination  of  R1 15777  and  TRAIL,  respectively  (Fig.  6 C). 
These  results  clearly  indicate  that  enforced  expression  of  FLIPl 
abolished  apoptosis  induced  by  R1 15777  and  TRAIL. 

Discussion 

The  effects  of  R1 15777  on  the  growth  including  apoptosis  and 
cell  cycle  distribution  of  human  lung  cancer  cells  have  not  been 
fully  evaluated  in  a  preclinical  setting.  In  this  study,  we  show  that 
R1 15777,  at  a  clinically  achievable  and  safe  concentration  range 
(2-6  pmol/L;  refs.  34-37),  effectively  inhibited  the  growth  of 
human  lung  cancer  cells,  primarily  through  inducing  growth  arrest 
and  apoptosis.  In  general,  R1 15777  was  not  a  potent  inducer  of 
apoptosis  under  normal  serum  culture  condition,  although  its 
apoptosis-inducing  effects  could  be  substantially  enhanced  by  low- 
serum  culture  condition.  Moreover,  R1 15777  induced  cell  cycle 
arrest  either  at  the  Gi  phase  or  at  the  G2-M  phase  depending  on  cell 
lines.  All  of  these  phenomena  are  consistent  with  those  observed 
from  other  FTIs  (26,  38,  39). 

In  this  study,  we  show,  for  the  first  time,  that  R1 15777  induces 
DR5  expression  not  only  at  protein  levels  but  also  at  mRNA  levels. 
Moreover,  R1 15777  increased  transactivation  of  the  DR5  promoter, 
indicating  that  R1 15777  modulates  DR5  expression  at  the 
transcriptional  level.  In  addition,  we  showed  that  R1 15777 
increased  amounts  of  DR5  at  the  cell  surface,  indicating  that 
R1 15777  induces  cell  surface  DR5  distribution.  We  noted  that 
R1 15777  exerted  only  a  moderate  effect  on  modulation  of  DR5 
protein  levels  in  H157  cells  (Fig.  L4).  However,  it  increased  cell 
surface  DR5  in  HI 57  cells  as  strongly  as  in  HI 792  cells  (Fig.  3). 
These  results  suggest  that  R1 15777  induces  DR5  redistribution  at 
the  cell  surface  in  addition  to  increasing  DR5  expression. 


Figure  5.  Silencing  of  DR5  expression  by  siRNA  (A)  attenuates  apoptosis  induced  by  the  combination  of  R1 15777  and  TRAIL  ( B ).  HI 57  cells  were  seeded  in  a  24-well 
cell  culture  plate  and  on  the  second  day  transfected  with  control  {Ctrl)  or  DR5  siRNA.  Forty  hours  later,  the  cells  were  treated  with  10  |amol/L  R1 15777,  20  ng/mL 
TRAIL,  and  their  combination.  After  15  h,  the  cells  were  harvested  for  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis  ( A )  or  for  detection 
of  apoptotic  cells  using  annexin  V  staining  ( B ).  In  annexin  V  assay,  the  percent  positive  cells  in  the  top  right  and  bottom  right  quadrants  were  added  to  yield  the 
total  of  apoptotic  cells.  The  cells  in  the  bottom  left  quadrant  were  surviving  cells. 
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Figure  6.  Differential  effects  of  R1 15777  on  c-FLIP  levels  (A)  and  protection  of  enforced  c-FLIP  expression  ( B )  on  apoptosis  induced  by  the  combination  of  R1 15777 
and  TRAIL  (C).  A,  the  indicated  cell  lines  were  treated  with  the  given  concentrations  of  R1 15777.  After  16  h,  the  cells  were  subjected  to  preparation  of  whole-cell 
protein  lysates  and  subsequent  Western  blot  analysis.  B,  whole-cell  protein  lysates  were  prepared  from  HI 57  cells  transfected  with  Lac  Z  and  FLIPl,  respectively, 
and  then  subjected  to  detection  of  FLIPl  expression  by  Western  blot  analysis.  C,  HI  57-Lac  Z-5  or  H157-FLIPl-6  cells  were  treated  with  DMSO,  10  |amol/L  R1 15777, 
5  ng/mL  TRAIL,  and  the  combination  of  R1 15777  and  TRAIL,  respectively.  After  24  h,  the  cells  were  harvested  and  subjected  to  detection  of  apoptotic  cells  using 
annexin  V  staining.  The  percent  positive  cells  in  the  top  right  and  bottom  right  quadrants  were  added  to  yield  the  total  of  apoptotic  cells.  The  cells  in  the  bottom  left 
quadrant  were  surviving  cells. 


In  addition  to  R1 15777,  we  found  that  another  FTI  called 
SCH66336  (lonafarnib)  also  induced  DR5  expression  and  cell  surface 
DR5  distribution.3  Both  agents  have  farnesyltransferase-inhibitory 
activity;  however,  they  have  distinct  chemical  structures.  In  our 
study,  R1 15777  rapidly  increased  DR5  expression  at  3  h  posttreat¬ 
ment,  which  was  accompanied  by  inhibition  of  HDJ-2  protein 
farnesylation  (Fig.  3 B).  Therefore,  we  suggest  that  DR5  up-regulation 
by  R1 15777  is  associated  with  its  ability  to  inhibit  protein  far¬ 
nesylation.  Because  R1 15777  functions  like  SCH66336  to  increase 
DR5  mRNA  as  well,  it  is  unlikely  that  R1 15777  directly  modulates 
DR5  protein.  Rather,  it  may  inhibit  the  farnesylation  of  an  unknown 
protein,  leading  to  increased  DR5  transcription.  Nevertheless,  our 
findings  on  R1 15777  as  well  as  SCH66336  warrant  further  study  on 
the  relationship  between  protein  farnesylation  and  DR5  modulation. 

Preliminary  results  from  clinical  trials  have  shown  that  R1 15777 
exhibits  promising  efficacy  in  hematologic  malignancies  with  a 
favorable  toxicity  profile  (8,  11).  R1 15777,  at  a  clinically  achievable 
and  safe  concentration  range  (2-6  pmol/L;  refs.  34-37),  up-regulated 


3  S.Y.  Sun,  X.  Liu,  W.  Zou,  P.  Yue,  A.I.  Marcus,  and  F.R.  Khuri,  unpublished  data. 


DR5  expression  and  induced  cell  surface  DR5  distribution.  Accord¬ 
ingly,  we  showed  that  the  combination  of  a  clinically  achievable 
concentration  of  R1 15777  with  TRAIL  exhibited  augmented  effects 
on  decreasing  cell  survival  and  inducing  apoptosis  (Fig.  4).  Given  that 
TRAIL  is  considered  as  a  cancer-selective  cytokine  with  cancer 
therapeutic  potential  and  is  being  tested  in  phase  I  clinical  trails,  our 
current  finding  that  R1 15777  enhances  TRAIL-induced  apoptosis 
clearly  has  translational  significance  in  the  clinic. 

Some  studies  have  shown  that  certain  cancer  therapeutic  agents 
enhance  TRAIL-induced  apoptosis  via  down-regulation  of  c-FLIP 
expression  (30-32,  40).  In  our  study,  we  found  that  R1 15777  induced 
DR5  expression  and  cell  surface  distribution  in  all  of  the  tested  cell 
lines.  However,  it  modulated  c-FLIP  expression  in  a  cell  line- 
dependent  manner.  R1 15777  even  slightly  increased  c-FLIP  levels  in 
some  cell  lines  (e.g.,  H157),  whereas  it  decreased  c-FLIP  expression  in 
other  cell  lines  (e.g.,  H1792).  Regardless  of  the  differential  modulation 
of  c-FLIP  expression,  the  combination  of  R1 15777  and  TRAIL  exerted 
augmented  effects  on  decreasing  cell  survival  and  inducing  apoptosis 
in  these  lung  cancer  cell  lines,  suggesting  that  it  is  unlikely  for  R1 15777 
to  enhance  TRAIL-induced  apoptosis  via  modulation  of  c-FLIP  levels 
in  certain  cell  lines  in  which  c-FLIP  levels  are  not  decreased.  Through 
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silencing  DR5  expression  and  blocking  DR5  induction  by  R1 15777 
using  siRNA  targeting  DR5,  our  data  clearly  show  that  apoptosis 
induced  by  the  combination  of  R1 15777  and  TRAIL  was  substantially 
attenuated.  This  result  thus  indicates  that  R1 15777  enhances  TRAIL- 
induced  apoptosis  primarily  via  up-regulation  of  DR5. 

Our  results  show  that  the  combination  of  R1 15777  and  TRAIL 
augmented  induction  of  apoptosis  in  HI 57  cells,  in  which  c-FLIP 
levels  were  actually  increased  upon  R1 15777  treatment.  When 
FLIPl  expression  was  enforced  to  high  levels  in  this  cell  line,  either 
TRAIL  alone  or  the  combination  of  R1 15777  and  TRAIL  failed  to 
induce  apoptosis,  indicating  that  FLIPl  overexpression  indeed 
inhibits  TRAIL/death  receptor-mediated  apoptosis.  Therefore,  we 
suggest  that  R115777-induced  DR5  expression  and  cell  surface 
distribution  override  c-FLIP  up-regulation,  leading  to  enhancement 
of  TRAIL-induced  apoptosis  in  cell  lines  where  c-FLIP  expression  is 
high  or  increased  by  R1 15777.  If  this  is  correct,  we  assume  that  cell 
lines  in  which  c-FLIP  levels  are  reduced  upon  R1 15777  treatment 
(e.g.,  H1792)  will  be  more  susceptible  than  other  cell  lines  where 
c-FLIP  expression  is  increased  or  not  altered  by  R1 15777 
(e.g.,  H157)  to  apoptosis  induction  by  the  combination  of 
R1 15777  and  TRAIL  as  shown  in  Fig.  44. 


Among  the  tested  lung  cancer  cell  lines,  A549  and  HI 57  cell  lines 
are  the  least  sensitive  to  R115777-induced  apoptosis  even  under 
low-serum  culture  condition  (Fig.  1C).  We  noted  that  these  two  cell 
lines  had  relatively  higher  levels  of  c-FLIP  compared  with  HI 792 
and  H1299  cells  (Fig.  6 A),  which  are  sensitive  to  R115777-induced 
apoptosis  (Fig.  1C).  Whether  these  results  suggest  that  the  levels  of 
c-FLIP  determine  cell  sensitivity  to  R115777-induced  apoptosis 
needs  to  be  investigated  in  the  future. 

In  summary,  we  have  shown  that  R1 15777  increases  DR5 
expression,  induces  DR5  distribution  at  the  cell  surface,  and 
subsequently  enhances  TRAIL-induced  apoptosis.  These  findings 
warrant  clinical  evaluation  of  the  efficacy  of  R1 15777  and  TRAIL  in 
the  treatment  of  human  lung  and  other  types  of  cancer  in  the  future. 
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Abstract 

We  evaluated  the  contribution  of  three  genetic  alterations 
(p53  knockdown,  K-RASV12,  and  mutant  EGFR )  to  lung 
tumorigenesis  using  human  bronchial  epithelial  cells  (HBEC) 
immortalized  with  telomerase  and  Cdk4-mediated  pl6  bypass. 
RNA  interference  p53  knockdown  or  oncogenic  K-RASV12 
resulted  in  enhanced  anchorage-independent  growth  and 
increased  saturation  density  of  HBECs.  The  combination  of 
p53  knockdown  and  K-RASV12  further  enhanced  the  tumori- 
genic  phenotype  with  increased  growth  in  soft  agar  and  an 
invasive  phenotype  in  three-dimensional  organotypic  cultures 
but  failed  to  cause  HBECs  to  form  tumors  in  nude  mice. 
Growth  of  HBECs  was  highly  dependent  on  epidermal  growth 
factor  (EGF)  and  completely  inhibited  by  EGF  receptor  (EGFR) 
tyrosine  kinase  inhibitors,  which  induced  Gi  arrest.  Introduc¬ 
tion  of  EGFR  mutations  E746-A750  del  and  L858R  progressed 
HBECs  toward  malignancy  as  measured  by  soft  agar  growth, 
including  EGF-independent  growth,  but  failed  to  induce 
tumor  formation.  Mutant  EGFRs  were  associated  with  higher 
levels  of  phospho-Akt,  phospho-signal  transducers  and 
activators  of  transcription  3  [but  not  phospho-extracellular 
signal-regulated  kinase  (ERK)  1/2],  and  increased  expression 
of  DUSP6/MKP-3  phosphatase  (an  inhibitor  of  phospho- 
ERK1/2).  These  results  indicate  that  (a)  the  HBEC  model 
system  is  a  powerful  new  approach  to  assess  the  contribution 
of  individual  and  combinations  of  genetic  alterations  to  lung 
cancer  pathogenesis;  ( b )  a  combination  of  four  genetic 
alterations,  including  human  telomerase  reverse  transcriptase 
overexpression,  bypass  of  pl6/RB  and  p53  pathways,  and 
mutant  K-RASV12  or  mutant  EGFR,  is  still  not  sufficient  for 
HBECs  to  completely  transform  to  cancer;  and  (c)  EGFR 
tyrosine  kinase  inhibitors  inhibit  the  growth  of  preneoplastic 
HBEC  cells,  suggesting  their  potential  for  chemoprevention. 
(Cancer  Res  2006;  66(4):  2116-28) 

Introduction 

Human  lung  cancer  develops  as  a  multistep  process,  usually 
occurring  because  of  years  of  smoking-related  tobacco  exposure 
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that  results  in  specific  proto-oncogene  and  tumor  suppressor  gene 
alterations  in  lung  epithelial  cells  (1).  In  fact,  the  majority  of  lung 
cancers  have  many  such  changes  (1).  Identifying  the  minimal  and 
most  crucial  set  of  changes  required  for  lung  tumorigenesis  and  the 
effect  each  of  these  alterations  has  on  the  carcinogenic  process  is 
vital  to  develop  the  best  targets  for  early  detection  and  therapeutic 
intervention.  To  address  this  issue,  an  in  vitro  model  system  using 
human  bronchial  epithelial  cells  (HBEC)  was  recently  developed  to 
assess  the  contribution  of  specific  genetic  alterations  to  lung 
cancer  progression  (2,  3).  We  accomplished  this  by  overexpressing 
Cdk4  to  abrogate  the  pl6/Rb  cell  cycle  checkpoint  pathway  and 
ectopic  expression  of  human  telomerase  reverse  transcriptase 
(hTERT)  to  bypass  replicative  senescence,  allowing  us  to  develop  a 
series  of  immortalized  HBEC  lines  without  using  viral  oncopro¬ 
teins.  These  HBECs  have  epithelial  morphology,  express  epithelial 
markers,  are  able  to  differentiate  into  mature  airway  cells  in 
organotypic  cultures,  have  minimal  genetic  changes,  and  do  not 
exhibit  a  transformed  phenotype  (2,  3).  We  have  HBEC  lines  that 
are  derived  from  patients  with  a  variety  of  smoking  histories,  with 
and  without  lung  cancer,  which  also  allows  us  to  explore 
interindividual  variation  in  the  tumor  formation  process. 

Two  of  the  genetic  alterations  that  occur  almost  universally  in 
human  lung  cancer,  inactivation  of  the  pl6/pRb  pathway  and 
expression  of  hTERT,  were  used  for  establishment  of  immortalized 
HBECs  and  so  are  already  present.  The  pRb  pathway  (pl6INK4a- 
cyclinDl-Cdk4-pRB  pathway)  is  a  key  cell  cycle  regulator  at  the 
Gj-S  phase  transition.  Absence  of  expression  or  structural  abnor¬ 
mality  of  Rb  protein  is  seen  in  >90%  of  small-cell  lung  cancers 
(SCLC)  and  loss  of  pl6  protein  expression  by  several  mechanisms, 
including  methylation  or  homozygous  deletion  of  pl6INK4a,  is  seen 
in  >70%  of  non-SCLC  (NSCLC),  both  of  which  result  in  the 
inactivation  of  this  pathway  (1,  4,  5).  Expression  of  high  levels  of 
telomerase  is  almost  universal  in  lung  cancer  (1).  hTERT  is  the  key 
determinant  of  the  enzymatic  activity  of  human  telomerase  and  its 
transcriptional  control  is  a  major  contributor  to  the  regulation  of 
telomerase  activity  in  many  types  of  human  cells  (6-10).  Because 
of  the  central  role  of  the  pRb  pathway  and  telomerase  expression, 
we  initially  evaluated  the  contribution  of  ectopically  expressing 
Cdk4  and  hTERT  on  lung  cancer  development.  However,  we  found 
that  such  cells,  although  immortal  and  clonable,  did  not  show 
anchorage-independent  growth  or  an  ability  to  form  tumors  in  vivo 
(2).  Other  investigators  and  our  group  had  also  immortalized 
HBECs  but  these  were  made  using  viral  oncoproteins,  such  as 
human  papillomavirus  E6/E7  or  SV40  large  T  antigen  with  or 
without  hTERT  (2,  11,  12).  These  oncoproteins  are  known  to  cause 
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malignant  transformation  through  their  ability  to  inactivate  Rb 
and/or  p53,  as  well  as  provide  multiple  other  functions,  which  are 
not  characterized.  These  “other  functions”  make  it  difficult  to 
estimate  the  importance  of  added  genetic  or  epigenetic  changes  in 
HBECs  immortalized  by  viral  oncoproteins. 

Thus,  we  designed  the  current  study  to  determine  if  the  HBECs 
were  genetically  tractable  and  to  analyze  the  effect  of  additional 
genetic  alterations  frequently  observed  in  lung  cancer  on 
tumorigenic  transformation  of  HBECs.  First,  we  introduced  two 
well-known  genetic  alterations  seen  in  lung  cancer,  one  of  which  is 
the  loss  of  p53  function,  which  is  observed  in  90%  of  SCLCs  and 
50%  of  NSCLCs  (1).  The  other  is  oncogenic  K-RAS,  which  is 
frequently  seen  in  NSCLCs  ( ~  30%),  especially  in  adenocarcinomas 
but  probably  never  in  SCLCs  (1,  13,  14).  Furthermore,  we  intro¬ 
duced  a  mutant  epidermal  growth  factor  (EGF)  receptor  (EGFR) 
that  has  recently  been  reported  in  NSCLCs  and  shown  to  be 
correlated  with  tumor  sensitivity  to  the  EGFR  tyrosine  kinase 
inhibitors  (15,  16).  We  report  here  that  HBECs  immortalized  by 
overexpression  of  Cdk4  and  hTERT  and  subsequently  manipulated 
to  have  oncogenic  K-RAS,  knockdown  of  p53,  or  mutant  EGFR 
have  acquired  part,  but  not  all,  of  the  malignant  phenotype  by 
the  combination  of  these  genetic  alterations.  These  partially  pro¬ 
gressed  lung  epithelial  cells  show  that  more  changes  are  needed  for 
the  full  malignant  phenotype.  In  addition,  we  have  found  that  these 
preneoplastic  cells  are  exquisitely  sensitive  to  EGFR  inhibition. 

Materials  and  Methods 

Cells  and  culture  conditions.  The  HBEC3  (HBEC3-KT)  immortalized 
normal  HBEC  line  was  established  by  introducing  mouse  Cdk4  and  hTERT 
into  normal  HBECs  obtained  from  a  65-year-old  woman  without  cancer  (2). 
NSCLC,  NCI-H441,  NCI-H358,  NCI-H1299,  and  NCI-H2122  cell  lines  were 
obtained  from  Hamon  Center  Collection  (University  of  Texas  Southwestern 
Medical  Center).  HBEC3  was  cultured  with  K-SFM  (Life  Technologies, 
Gaithersburg,  MD)  medium  containing  50  pg/mL  bovine  pituitary  extract 
(Life  Technologies)  with  or  without  5  ng/mL  EGF  (Life  Technologies).  These 
cells  are  resistant  to  G418  due  to  the  neomycin-resistant  gene  introduced 
with  the  Cdk4  expression  vector  and  to  puromycin  due  to  the  puromycin- 
resistant  gene  introduced  with  the  hTERT  expression  vector. 

Viral  vector  construction  and  viral  transduction.  We  used  the 
pSUPER  vector  (OligoEngine,  Seattle,  WA)  of  Brummelkamp  et  al.  (17,  18)  as 
the  basis  for  generating  small  interfering  RNA  for  stable  p53  knockdown.  To 
generate  pSUPER.retro-zeocin  (pSRZ),  SacW  and  Eco RI  sites  were 
introduced  into  zeocin-resistant  gene  fragment  amplified  from  pVgRXR 
(a  gift  from  Dr.  Preet  Chaudhary)  and  the  fragment  was  cloned  into 
pSUPER.retro  using  SacW  and  Eco  RI  sites,  resulting  in  the  replacement  of 
the  puromycin-resistant  gene  with  a  zeocin-resistant  gene.  To  generate 
pSRZ-p53  for  p53  knockdown,  Eco  RI-  and  Hin  dill- digested  inserts  from 
pSUPER-p53  (OligoEngine;  ref.  18)  was  cloned  into  the  same  sites  of  pSRZ. 
pBabe-hyg  and  an  oncogenic  K-RASV12,  pBabe-hyg-KRAS2-V12,  vectors  were 
provided  by  Dr.  Michael  White  (The  University  of  Texas  Southwestern 
Medical  Center,  Dallas,  TX).  To  produce  viral-containing  medium,  293T  cells 
were  transiently  transfected  with  viral  vector  together  with  pVpack-VSVG 
and  pVpack-GP  vectors  (Stratagene,  La  Jolla,  CA).  Forty-eight  hours  after 
the  transfection,  supernatant  of  the  293T  cells  was  harvested  and  passed 
through  a  0.45  pm  filter  and  the  viral  supernatant  was  frozen  at  —  80  °C.  The 
supernatant  was  used  for  infection  after  adding  4  pg/mL  polybrene  (Sigma, 
St.  Louis,  MO).  Forty-eight  hours  after  the  infection,  drug  selection  for 
infected  cehs  was  started  with  12.5  pg/mL  zeocin  (Invitrogen,  Carlsbad,  CA) 
or  18  pg/mL  hygromycin  (Clontech,  Palo  Alto,  CA)  and  continued  for  7  to  11 
days.  HBEC3  cehs  were  infected  with  four  different  combinations  of  the  two 
retroviral  vectors:  ( a )  pSRZ  and  pBabe-hyg  (vector  control);  ( b )  pSRZ-p53 
and  pBabe-hyg;  (c)  pSRZ  and  pBabe-hyg-KRAS2-V12;  and  ( d )  pSRZ-p53  and 
pBabe-hyg-K-RAS2-V12. 


To  introduce  wild  and  mutant  EGFRs  into  HBEC3  cells,  we  used  the 
pLenti6/directional  TOPO  cloning  kit.  Full-length  fragment  of  wild-type 
EGFR  was  amplified  from  pcDNA3.1-EGFR-wt  (a  gift  from  Dr.  Joachim  Herz, 
University  of  Texas  Southwestern  Medical  Center)  and  cloned  into  pLenti6/ 
directional  TOPO  vector  according  to  the  instructions  of  the  manufacturer 
(pLenti-wt-EGFR).  The  L858R  mutation  was  introduced  into  pLenti- 
wt-EGFR  by  using  site-directed  mutagenesis  kit  (Stratagene).  The  full 
length  of  E746-A750  del  mutation  was  amplified  from  cDNA  from  HCC827 
NSCLC  cell  line  (19)  and  cloned  into  pLenti6/directional  TOPO  vector. 
Correct  sequences  were  confirmed  by  sequencing  for  all  vectors.  Viral 
transduction  was  done  following  the  instructions  of  the  manufacturer. 
Briefly,  the  293FT  cells  were  transiently  transfected  with  viral  vector 
together  with  viral  power  (Invitrogen).  Forty-eight  hours  after  the 
transfection,  supernatant  of  the  293FT  cells  was  harvested  and  passed 
through  a  0.45  pm  filter,  and  frozen  at  —  80  °C.  The  supernatant  was  used  for 
infection  after  adding  4  pg/mL  polybrene  (Sigma).  Forty-eight  hours  after 
the  infection,  drug  selection  for  infected  cells  was  started  with  5  pg/mL 
blasticidin  (Invitrogen)  and  continued  for  7  days. 

Western  blot  analysis.  Preparation  of  total  cell  lysates  and  Western 
blotting  were  done  as  described  previously  (20).  Primary  antibodies  used 
were  mouse  monoclonal  anti-p53  (Santa  Cruz,  Santa  Cruz,  CA),  mouse 
monoclonal  anti-p21  (BD  Transduction  Laboratories,  Lexington,  KY), 
mouse  monoclonal  anti-K-RAS  (Santa  Cruz),  mouse  monoclonal  anti-EGFR 
(BD  Transduction  Laboratories),  rabbit  polyclonal  anti-phospho-EGFR- 
Tyr1068  (Y1068),  rabbit  polyclonal  anti-phospho-EGFR-Tyr845  (Y845),  rabbit 
polyclonal  anti-phospho-EGFR-Tyr992  (Y992),  rabbit  polyclonal  anti-phos- 
pho-EGFR-Tyr1045  (Y1045;  Cell  Signaling,  Beverly,  MA),  rabbit  polyclonal 
anti-MEKl/2  (Cell  Signaling),  rabbit  polyclonal  anti-phospho-MEKl/2  (Cell 
Signaling),  rabbit  polyclonal  anti- extracellular  signal-regulated  kinase 
(ERK)  1  (Cell  Signaling),  rabbit  polyclonal  anti-phospho-ERKl  (Cell 
Signaling),  rabbit  polyclonal  anti-Akt  (Cell  Signaling),  rabbit  polyclonal 
anti-phospho-Akt  (Thr308),  rabbit  polyclonal  anti-phospho-Akt  (Ser473), 
mouse  monoclonal  anti-phospho-signal  transducers  and  activators  of 
transcription  (STAT)  3  (Tyr705;  Cell  Signaling),  poly(ADP-ribose)  polymerase 
(PARP;  Cell  Signaling),  and  mouse  monoclonal  antiactin  (Sigma)  antibodies. 
Actin  protein  levels  were  used  as  a  control  for  adequacy  of  equal  protein 
loading.  Antirabbit  or  antimouse  antibody  (1:2,000  dilution:  Amersham, 
Piscataway,  NJ)  was  used  as  the  second  antibody. 

Immunofluorescence  staining.  Cells  were  washed  with  PHEM  [60 
mmol/L  PIPES,  25  mmol/L  HEPES,  10  mmol/L  EGTA,  and  1  mmol/L  MgCl2 
(pH  7.4)]  solution,  and  fixed  in  3%  paraformaldehyde  for  10  minutes  at  37 °C 
in  PHEM.  After  additional  washes  with  PBS,  the  cells  were  permeabilized 
with  0.1%  Triton  in  PBS  for  10  minutes,  blocked  with  3%  gelatin/3%  bovine 
serum  albumin  (BSA)/0.2%  Tween  20  for  1  hour  at  37  °C,  and  incubated  with 
mouse  polyclonal  anti-p63  antibody  (BD  Transduction  Laboratories)  and 
rhodamine  phalloidin  (Molecular  Probes,  Eugene,  OR)  in  gelatin/BSA 
blocking  solution  for  16  hours  at  4°C.  The  cells  were  then  incubated  with 
the  Alexa  Fluor  568  anti-mouse  IgG  (H  +  L;  Molecular  Probes)  secondary 
antibody  for  1  hour  at  37  °C.  Finally,  cells  were  stained  with  0.5  pg/mL 
Hoechst  33258  and  examined  in  a  fluorescence  microscope. 

RNA  extraction  and  reverse  transcription-PCR/RFLP  analysis.  We 
modified  previously  reported  reverse  transcription-PCR  (RT-PCR)/RFLP 
method  designed  to  distinguish  mutated  from  wild-type  K-RAS  alleles  (21). 
Total  RNA  was  extracted  using  RNeasy  mini  kit  (Qiagen,  Valencia,  CA). 
Four  micrograms  of  total  RNA  were  reverse  transcribed  with  Superscript  II 
First-Strand  Synthesis  using  oligo-dTMP  primer  system  (Invitrogen).  PCR 
amplification  was  carried  out  with  3,704  K-RASTN  sense  (GACTGAATAT- 
AAACTTGTGGTAGTTGGACCT)  and  3,672  K-RAS-RT-R  antisense  (5-TCC- 
TCTTGACCTGCTGTGTCG-3)  primers,  creating  Zls£NI  restriction  patterns 
that  distinguished  mutated  from  wild-type  K-RAS  alleles.  PCR  reactions 
were  done  in  a  25  pL  reaction  mixture  containing  1.5  mmol/L  MgCl2,  187.5 
pmol/L  of  each  deoxynucleotide  triphosphate,  10  pmol  of  each  primer,  and 
1.25  units  of  HotStar  Taq  DNA  Polymerase  (Qiagen).  Cycling  conditions 
were  one  incubation  of  15  minutes  at  95  °C,  followed  by  35  cycles  of  a  20- 
second  denaturation  at  94° C,  60-second  annealing  at  58 °C,  and  90-second 
extension  at  72  °C,  and  a  final  elongation  at  72  °C  for  7  minutes.  PCR 
products  were  cut  with  BstNl,  electrophoresized  on  1%  agarose  gel  with 
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Figure  1.  Characterization  of  p53  knocked  down  and  K-RASv12-expressing  HBEC3  cells.  A,  Western  blots  showing  the  suppression  of  p53,  p2i WAF1/CIP1,  and 
K-RAS  in  p53RNAi-,  mutant  K-RASV12-,  and  p53RNAi  and  mutant  K-RASv12-expressing  HBEC3  cells.  p53  and  p2iWAF1/GIP1  are  clearly  knocked  down  in 
p53RNAi-expressing  cells,  whereas  the  expression  levels  of  K-RAS  in  K-RASv12-transfected  and  p53RNAi  and  K-RASv12-transfected  HBEC3  cells  approximate 
that  of  vector  alone-transfected  HBEC3  cells.  B,  RFLP  analysis  of  K-RAS  cDNA  showing  mutant  K-RASV12  transcripts  are  predominantly  expressed  in  mutant 
K-RASv12-expressing  and  p53RNAi  and  mutant  K-RASv12-expressing  HBEC3  cells.  H2122  and  HI 299  are  used  as  positive  controls  for  mutant  K-RASV12  and 
wild-type  K-RAS,  respectively.  Brummelkamp  et  al.  (18)  reported  a  new  vector  system,  named  pSUPER,  which  generated  small  interfering  RNAs  in  mammalian  cells 
to  functionally  inactivate  p53.  Subsequently,  they  developed  a  retroviral  version  of  pSUPER,  named  pSUPER. ret  (pRS),  to  obtain  stable  knockdowns  and  showed 
stable  and  specific  knockdown  of  oncogenic  K-RASV12  (17).  To  see  the  long-term  effect  of  p53  inactivation,  we  used  the  pSUPER. ret  system  for  p53  knockdown. 
Because  a  puromycin-resistant  gene  in  pRS  was  already  integrated  in  HBEC3  in  the  process  of  introducing  Cdk4,  we  developed  pRS-zeocin  vector  (pSRZ)  by  replacing 
the  puromycin-resistant  gene  in  pRS  vector  with  a  zeocin-resistant  gene.  Subsequently,  the  published  p53  target  small  interfering  RNA  sequence  was  cloned  into 
pSRZ  (17,  18),  yielding  pSRZ-p53  vector.  C,  increased  saturation  density  in  p53  RNAi  and  mutant  K-RASv12-expressing  HBECs.  HBEC3  cells  (2,000)  were  cultured 
in  triplicate  12-well  plates  and  counted  every  3  days.  #,  vector-expressing  HBEC3  cell;  ♦,  p53RNAi-expressing  HBEC3  cells;  ▲,  mutant  K-RASv12-expressing  HBEC3 
cells;  ■,  p53RNAi  and  mutant  K-RASv12-expressing  HBEC3  cells.  D,  cells  were  grown  as  described  in  (C)  and  pictures  were  taken  on  day  12.  E,  liquid  colony 
formation  assay  for  vector-,  p53RNAi-,  mutant  K-RASV12-,  and  p53RNAi  and  mutant  K-RASv12-expressing  HBEC3  cells  in  the  presence  or  absence  of  EGF  (5  ng/mL). 
A  total  of  200  cells  were  plated  per  dish  and  cultured  for  2  weeks  before  staining  with  methylene  blue.  F,  quantitation  of  the  number  of  colonies  in  the  absence 
of  EGF.  Columns,  mean  of  three  independent  experiments;  bars,  SD.  *,  P  <  0.01,  one-way  ANOVA  with  Bonferroni’s  posttest. 
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Table  1.  Tumorigenicity  assay  in  nude  mice  for  HBEC3  cells 

Cell  line 

No.  nude  mice  injected 

No.  cells  per  mouse 

Observation  period  (d) 

Percentage  of  tumors 

NCI-H358 

10 

5  x  io6 

90 

100 

NCI-H441 

5 

5  x  106 

61 

100 

NCI-H1299 

40 

5  x  106 

17-38 

100 

HBEC3 

Nontreated 

5 

1  x  107 

90 

0 

K-RASV12 

5 

5  x  106 

90 

0 

p53RNAi 

5 

5  x  106 

90 

0 

p53RNAi  and  K-RASV12 

5 

5  x  106 

90 

0 

p53RNAi  and  K-RASV12 

5 

2.5  x  106 

90 

0 

With  Matrigel 

p53  RNAi  and  EGFR-L858R 

5 

2.5  x  106 

90 

0 

ethidium  bromide,  and  visualized  by  UV.  NCI-H2122  cell  line  containing 
a  endogenous  mutant  K-RAS  at  codon  12  was  used  as  a  control  for 
K-RASV12  allele,  and  NCI-H1299  cell  was  used  as  a  control  for  the  wild-type 
K-RAS  allele. 

In  vitro  and  in  vivo  cell  growth  assays.  To  determine  growth  curves, 
cells  were  cultured  in  triplicate  wells  in  12-well  plates  and  counted  every 
3  days.  Liquid  colony  formation  assays  were  done  as  previously  described 
(22).  Briefly,  200  viable  cells  were  plated  in  triplicate  100  mm  plates  and 
were  cultured  in  K-SFM  medium  supplemented  with  50  pg/mL  bovine 


pituitary  extract  with  or  without  5  ng/mL  EGF.  To  measure  the  effect  of 
gefitinib  or  erlotinib,  1  pmol/L  of  each  drug  was  added  to  the  medium  and 
the  medium  was  replaced  every  3  days.  Surviving  colonies  were  counted  14 
days  later  after  staining  with  methylene  blue.  For  soft  agar  growth  assays, 
1,000  viable  cells  were  suspended  and  plated  in  0.37%  Sea  Kem  agar  (FMC, 
Philadelphia,  PA)  in  K-SFM  medium  supplemented  with  20%  of  fetal  bovine 
serum  and  50  pg/mL  bovine  pituitary  extract  with  or  without  5  ng/mL  EGF 
in  triplicate  12-well  plates,  and  were  layered  over  a  0.50%  agar  base  in  the 
same  medium  as  the  one  used  for  suspending  the  cells.  To  measure 


Figure  2.  Effect  of  p53  knock  down  and  mutant  K-RASV12  on 
three-dimensional  organotypic  culture  of  HBEC3  cells.  A,  stained 
paraffin  cross-sections  of  organotypic  cultures  of  HBEC3  cells 
showed  that  they  formed  a  confluent  layer  of  cells  on  the  upper 
surface  of  the  culture  with  the  presence  of  cilia-like  structures. 
Low-magnification  ( B )  and  high-magnification  (C)  p53RNAi  and 
mutant  K-RASv12-expressing  HBEC3  cells  showed  a  histologic 
change  similar  to  metaplasia  and  dysplasia  and  they  invaded  into 
the  fibroblast  and  collagen  underlayer. 
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Figure  3.  Gefitinib  and 
erlotinib  inhibited  the  growth  of 
HBEC3  cells  by  inducing  G-i 
cell  cycle  arrest.  A,  effect  of 
gefitinib  and  erlotinib  on  liquid 
colony  formation  of  HBEC3 
cells.  A  total  of  200  cells  were 
treated  with  1  pmol/L  gefitinib 
or  erlotinib  in  triplicate  100  mm 
plates  in  the  presence  or  the 
absence  of  5  ng/mL  EGF  and 
cultured  for  2  weeks  before 
staining  with  methylene  blue. 
B,  PARP  Western  blot  for 
HBEC3  cells  treated  with 
1  pmol/L  gefitinib  or  erlotinib  or 
0.1%  DMSO  for  48  hours. 
Actin  is  used  as  loading 
control.  HCC827  cell  line, 
which  has  been  shown  to  be 
highly  sensitive  to  gefitinib 
treatment,  is  used  as  positive 
control  (19).  Cleaved  89  kDa 
fragment  is  significantly 
increased  in  HCC827  cells  but 
not  detected  in  any  of  HBEC3 
cells  after  the  treatment. 


the  effect  of  gefitinib  or  erlotinib,  1  pmol/L  of  each  drug  was  drug  added  to 
agar  base  layer.  The  number  of  microscopically  visible  colonies  (>50  cells) 
was  counted  4  weeks  later.  In  vivo  tumorigenicity  was  evaluated  by 
injection  of  cells  in  nude  mice.  Male  BALB/c  nude  ( nu/nu )  3-  to  6-week-old 
mice  (Charles  River  Laboratories,  Wilmington,  DE)  were  irradiated  on 
day  0  of  the  experiment  in  groups  of  five  animals  by  a  5-minute  exposure  to 
350  cGy  from  a  cesium  source.  The  next  day,  each  mouse  was  given  an 
injection  s.c.  on  its  flank  0.25  x  107  to  1  x  107  viable  HBEC3  cells  in  0.2  mL 
PBS  containing  different  combinations  of  ectopically  introduced  genes. 
Coinjection  of  Matrigel  (BD  Bioscience,  San  Jose,  CA)  was  also  tested  for 
HBEC3  cells  expressing  p53  RNA  interference  (RNAi)  and  K-RASV12.  Mice 
were  monitored  every  2  to  3  days  for  tumor  size.  All  animal  care  was  in 
accord  with  institutional  guidelines  and  approved  Institutional  Animal 
Care  and  Research  Advisory  Committee  protocols.  The  NSCLC,  NCI-H358, 
NCI-H441,  and  NCI-H1299  cell  lines  (5  x  106  cells)  were  used  as  positive 
controls. 

Three-dimensional  organotypic  culture  assay.  Cultures  were  estab¬ 
lished  as  previously  described  for  skin  equivalents  (23)  except  that  airway 
fibroblasts  were  used  in  place  of  skin  cells.  Briefly,  type  I  collagen  and  IMR90 
fibroblasts  were  mixed  and  were  allowed  to  polymerize.  The  collagen  gels 
were  released  and  incubated  for  a  period  of  4  to  10  days  to  allow  the 


fibroblasts  to  contract  the  gels,  creating  a  “submucosa.”  Cloning  rings  were 
then  placed  atop  the  gels  and  HBEC  cells  were  plated  into  the  rings  at  a 
concentration  of  2  x  105/cm2.  After  allowing  the  cells  to  attach  for  4  hours, 
the  rings  were  removed  and  organotypic  cultures  submerged  for  4  days  in 
keratinocyte  feeder  layer  medium  containing  ascorbic  acid,  then  emerged  to 
the  air-liquid  interface  for  up  to  28  days  in  culture,  after  which  time  the 
cultures  were  harvested,  fixed,  and  prepared  for  histology.  Organotypic 
cultures  were  immersed  in  10%  neutral  buffered  formalin  overnight  at  4°C 
followed  by  dehydration,  paraffin  embedding,  and  thin  sectioning;  5  and  10 
pM  sections  were  then  rehydrated  and  stained  with  H&E  to  view  overall 
morphology  (http://www.protocol-online.org/prot/Histology/Staining/). 
Stained  slides  were  then  viewed  using  an  Axioscop-2  or  Axioplan-2E 
microscope  (Carl  Zeiss,  Thornwood,  NY;  www.zeiss.com)  and  photographed 
with  Hamamatsu  ORCA  monochrome  charge-coupled  device  camera 
(Hamamatsu,  Bridgewater,  NJ;  www.hamamatsu.com). 

Cell  cycle  analysis.  Cells  were  harvested  48  hours  after  the  treatment  of 
1  pmol/L  gefitinib,  erlotinib,  or  0.1%  DMSO,  fixed  with  70%  ethanol,  treated 
with  5  mg/mL  RNase  A  (Roche  Molecular  Biochemicals),  stained  with 
50  pg/mL  propidium  iodide,  and  analyzed  by  flow  cytometry  for  DNA 
synthesis  and  cell  cycle  status  [FACSCalibur  instrument,  (Becton  Dickinson) 
with  Flowjo  software]. 
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Figure  3  Continued.  C,  FACS  profiles  of  vector  (control)  or  p53  RNAi  and  mutant  K-RASv12-expressing  HBEC3  cells  treated  with  1  |amol/L  of  gefitinib  or  erlotinib 
or  0.1%  DMSO  for  48  hours.  Cells  were  harvested  after  the  treatment,  stained  with  propidium  iodide,  and  analyzed  by  using  the  flow  cytometer.  X  axis,  DNA  content; 
Y  axis,  cell  number.  The  fractions  of  cells  in  G-i  phase  are  significantly  increased  in  both  vector  and  the  combined  HBEC3  p53  knock  down  and  mutant  K-RAS 
cells,  with  the  reduction  of  S-phase  cells  after  the  treatment  of  gefitinib  or  erlotinib.  Compared  with  vector  cells  treated  with  DMSO,  the  combined  HBEC3  p53 
knockdown  and  mutant  K-RAS  cells  treated  with  DMSO  show  a  significant  increase  in  G2-M  phase  cells. 


Microarray  analysis.  RNAs  were  labeled  and  hybridized  to  Affymetrix 
HG-U133-Plus2  GeneChips  according  to  the  protocol  of  the  manufacturer 
(http://www.affymetrix.com).  This  array  contains  54,675  genes  (29,180 
unique  genes).  Microarray  analysis  was  done  using  Affymetrix  MicroArray 
Suite  5.0  and  in-house  Visual  Basic  software  MATRIX  1.26. 

Real-time  RT-PCR  for  DUSP6/MKP-3.  The  expression  of  DUSP6/MKP-3 
was  analyzed  by  quantitative  real-time  RT-PCR.  Primers  were  designed  to 
ensure  a  single  107  bp  amplicon  using  the  standard  Taqman  assay-on- 
demand  PCR  protocol  with  a  10-minute  hot  start.  Products  were  resolved 
on  2%  agarose  (Sigma).  A  probe  sequence  was  designed  using  Primer- 
Express  software  (Applied  Biosystems).  The  probe  was  labeled  with  TAMRA 
(quencher)  and  FAM  (reporter)  and  synthesized  by  Integrated  DNA  Tech¬ 
nologies.  To  establish  the  efficiency  of  this  assay,  we  used  a  5-fold  serial 
dilution  of  cDNA  over  six  concentrations.  These  samples  were  run  on  the 
Gene  Amp  7700  Sequence  Detection  System  (Applied  Biosystems)  in 
triplicate.  The  resultant  curve  had  a  slope  of  —3.396  and  R 2  coefficient  of 
0.9939.  For  quantitative  analysis  of  DUSP6/MKP-3,  we  used  GAPDH  (Applied 
Biosystems  assay-on-demand)  as  an  internal  reference  gene  to  normalize 
input  cDNA.  Quantitative  real-time  RT-PCR  was  done  in  a  reaction  volume 
of  25  pL,  including  1  pL  cDNA.  We  used  the  comparative  Ct  method  to 
compute  relative  expression  values. 

Statistical  analyses.  For  comparison  of  saturation  density  and  colony 
formation  between  the  different  genetically  manipulated  cell  strains,  we 
used  one-way  ANOVA  with  Bonferroni’s  post  hoc  test  correction  and  for 
comparisons  of  the  effect  of  EGFR  on  growth  the  Mann-Whitney  U  test. 


Results 

RNAi-mediated  p53  knockdown  and  K-RASV12  introduction 
in  HBEC3s.  We  used  retroviral  vector-mediated  RNAi  technology 
to  generate  HBEC3  clones  stably  knocked  down  for  p53.  HBEC3- 
expressing  Cdk4  and  hTERT  cells  were  infected  with  pSRZ-p53 
(see  Materials  and  Methods  and  Fig.  1  caption),  selected  with 
zeocin,  and  tested  for  p53  and  p21WAF1  protein  expression.  Western 
blot  analysis  showed  clear  suppression  of  p53  and  p21WAF1 


(Fig.  L4).  Next,  we  introduced  mutant  K-RASV12  into  pSRZ- 
expressing  and  pSRZ-p53-expressing  HBEC3  cells  using  pBabe- 
hyg-KRAS2-V12  retroviral  vector  followed  by  hygromycin  selection. 
Western  blot  analysis  showed  that  the  expression  levels  of  K-RAS  in 
K-RASvl2-transfected  and  p53RNAi  and  K-RASvl2-transfected 
HBEC3  cells  approximated  that  of  vector  alone-transfected  HBEC3 
cells  (Fig.  L4).  Because  antibodies  that  recognize  only  wild  or 
mutant  K-RAS  are  not  available,  we  did  RT-PCR/RFLP  analysis  to 
distinguish  between  K-RASV12  and  wild-type  K-RAS  mRNA 
expression.  The  analysis  revealed  that  mutant  K-RASV12  transcripts 
were  the  predominant  form  expressed  in  the  K-RASvl2-transfected 
HBEC3  alone  or  with  p53  RNAi  cells  (Fig.  IB),  indicating  that  most 
of  the  K-RAS  protein  expressed  in  HBEC3  cells  infected  with  pBabe- 
hyg-KRAS2-V12  was  the  mutant  form.  We  also  did  immunocyto- 
chemistry  of  p63  (a  stem  cell  marker)  and  found  that  mutant 
K-RAS  and/or  p53  knockdown  did  not  alter  the  p63  expression 
levels  of  HBEC3  cells  (data  not  shown). 

p53  knockdown  and  K-RASV12  introduction  into  HBEC3s 
increase  saturation  density.  We  assessed  the  effect  of  p53 
knockdown  and  expression  of  mutant  K-RAS V12  on  cell  growth  and 
found  no  significant  difference  in  growth  rate  in  the  exponential 
growth  phase  between  p53RNAi-expressing,  K-RASvl2-expressing, 
p53RNAi  and  K-RASvl2-expressing,  and  vector-expressing  HBEC3 
cells.  However,  p53RNAi-expressing  ( P  <  0.01),  K-RASvl2-expressing 
(P  <  0.01),  and  p53RNAi  and  K-RASvl2-expressing  (P  <  0.001) 
HBEC3  cells  achieved  significantly  higher  final  saturation  densities 
in  confluent  cultures  compared  with  vector-transfected  control 
(in  all  cases  here  and  below  using  one-way  ANOVA  with 
Bonferroni’s  post  hoc  test;  Fig.  1C  and  D ).  Also,  the  final  density 
of  the  combined  p53RNAi  and  K-RASvl2-expressing  HBEC3  cells 
was  significantly  higher  than  that  of  HBEC3  cells  with  either  p53 
knockdown  {P  <  0.01)  or  mutant  K-RASV12  (P  <  0.01)  alone  (Fig.  1C 
and  D ).  We  conclude  from  these  studies  that  introduction  of  these 
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Table  2.  Soft  agar  colony  formation  assay  for  HBEC3  cells  treated  with  gefitinib  or  erlotinib 

HBEC3 


Vector 

p53RNAi 

K-RAS  VI 2 

p53RNAi  and  K-RASV12 

EGF(+) 

DMSO 

1.3  ±  0.47 

11  ±  1.6 

5.7  ±  1.2 

23  ±  2.1 

Gefitinib  (1  pmol/L) 

0 

0 

0 

0 

Erlotinib  (1  pmol/L) 

0 

0 

0 

0 

EGF(-) 

DMSO 

0 

0 

0 

1.3  ±  0.94 

Gefitinib  (1  pmol/L) 

0 

0 

0 

0 

Erlotinib  (1  pmol/L) 

0 

0 

0 

0 

NOTE:  Number  of  colonies  after  14  days  are  shown  as  average  ±  SD.  HBEC3  cells  (1,000)  were  plated  in  agar  and  treated  with  1  pmol/L  gefinitib  or 
erlotinib  in  triplicate  12- well  plates  for  up  to  2  weeks  in  the  presence  or  the  absence  of  EGF  and  colonies  (50-100  cells)  were  counted. 


genetic  changes  produced  part  of  the  malignant  phenotype, 
increased  saturation  density. 

p53  knockdown  and  K-RASV12  introduction  permits  anchor¬ 
age-independent  growth  and  partial  bypass  of  EGF  depen¬ 
dence.  HBEC3  cells  are  able  to  form  colonies  in  liquid  medium  but 
not  in  soft  agar  (i.e.,  they  do  not  display  anchorage-independent 
growth).  We  then  tested  the  p53  and  K-RASvl2-manipulated  var¬ 
iants  to  see  if  they  had  acquired  this  ability.  In  addition,  because 
HBEC3  cells  express  robust  levels  of  EGFR  (Fig.  4 A)  and  EGF  is  in 
the  K-SFM  synthetic  medium,  we  tested  the  dependence  of  colony 
formation  in  liquid  and  semisolid  medium  on  EGF.  Supplement¬ 
ation  of  EGF  dramatically  enhanced  liquid  colony  formation  in  all 
HBEC3  cells  (Fig.  IF).  In  liquid  colony  formation  in  the  presence  of 
EGF,  no  significant  difference  in  the  number  of  colonies  was  seen 
between  p53RNAi-expressing,  K-RASvl2-expressing,  p53RNAi  and 
K-RASvl2-expressing,  and  vector-expressing  HBEC3  cells.  In  con¬ 
trast,  there  were  significant  differences  in  the  number  of  colonies  in 
the  absence  of  EGF  between  these  four  strains  (Fig.  IF).  In  the 
absence  of  EGF,  p53RNAi-expressing  (5.9  fold,  P  <  0.001)  and 
p53RNAi  and  K-RASvl2-expressing  (6.6-fold,  P  <  0.001)  HBEC3  cells 
formed  a  markedly  increased  number  of  colonies  compared  with 
vector  control,  whereas  K-RASvl2-expressing  HBEC3  cells  formed 
significantly  increased  (3.2-fold,  P  <  0.001)  number  of  colonies 


compared  with  vector  control  (in  all  cases  here  and  below  using 
one-way  ANOVA  with  Bonferroni’s  post  hoc  test;  Fig.  IF).  In  the 
presence  of  EGF,  p53RNAi-expressing,  K-RASvl2-expressing,  and 
p53RNAi  and  K-RASvl2-expressing  HBEC3  cells  formed  a  signifi¬ 
cantly  increased  number  of  soft  agar  colonies  compared  with 
vector  control,  7.3-fold  (P  <  0.001),  6.7-fold  (P  <  0.001),  and  16.5-fold 
(P  <  0.001),  respectively,  whereas  in  the  absence  of  EGF,  p53 
RNAi  and  p53RNAi  and  K-RASvl2-expressing  HBEC3  cells  formed 
very  few  colonies  (Fig.  4C).  We  conclude  from  these  studies 
that  introduction  of  these  genetic  changes  led  to  anchorage- 
independent  growth  and  both  oncogenic  K-RAS  or  p53  knockdown 
led  to  partial  bypass  of  dependence  on  EGF.  However,  the  cells  still 
remain  dependent  on  EGF  signaling  to  express  this  anchorage- 
independent  growth  although  an  unexpected  finding  was  the 
ability  of  p53  knockdown  to  partially  alleviate  this  EGF  depen¬ 
dence. 

p53  knockdown  and  expression  of  mutant  K-RAS V12  does 
not  give  a  full  malignant  phenotype.  In  tumorigenicity  assays, 
none  of  HBEC3  derivatives  formed  s.c.  tumors  in  nude  mice. 
Because  Matrigel  (BD  Bioscience)  accelerates  tumor  growth  when 
coinjected  with  cells  in  athymic  mice  (24),  we  injected  HBEC3  cells 
expressing  p53  RNAi  and  K-RASV12  together  with  Matrigel.  How¬ 
ever,  even  with  Matrigel,  the  HBEC3  cells  expressing  p53  RNAi  and 


Table  3.  Effect  of  gefitinib  and  erlotinib  on  cell  cycle  progression  in  HBEC3  cells 


Nontreated  (DMSO) 

Gefitinib/erlotinib 

Gi 

S 

g2-m 

Gi 

S 

g2-m 

Vector 

45.4  ±  0.2 

27.5  ±  6.0 

28.7  ±  3.9 

76.6  ±  5.6* 

2.6  ±  0.5 T 

28.0  ±  2.0 

p53RNAi 

41.4  ±  2.9 

27.6  ±  3.7 

31.0  ±  4.5 

69.5  ±  0.2* 

7.4  ±  2.8* 

27.0  ±  3.4 

K-RASV12 

49.5  ±  6.3 

31.7  ±  10.6 

17.8  ±  12.2 

81.4  ±  4.6* 

7.7  ±  2.4 

16.6  ±  2.8 

p53RNAi  and  K-RASV12 

12.9  ±  3.2 

11.8  ±  6.2 

73.7  ±  3.8 

25.6  ±  4.8* 

5.3  ±  1.2 

70.8  ±  3.7 

NOTE:  Data  are  percentages  (mean  ±  SD).  Averaged  values  of  three  independent  experiments  are  shown.  Watson  Pragmatic  algorithm  was  used  to 
calculate  each  cell  cycle  distribution.  Because  the  algorithm  contains  approximations,  the  total  of  each  distribution  is  not  exactly  100%. 

*F  <  0.01  in  comparison  with  the  respective  control, 
t P  <  0.05  in  comparison  with  the  respective  control. 


Cancer  Res  2006;  66:  (4).  February  15,  2006  2122  www.aacrjournals.org 

Downloaded  from  cancerres.aacrjournals.org  on  July  29,  201 1 
Copyright  ©  2006  American  Association  for  Cancer  Research 


DOM  0.1 1 58/0008-5472. CAN-05-2521 


Oncogenic  Manipulation  of  Bronchial  Epithelial  Cells 


K-RASV12  did  not  form  tumors.  In  contrast,  tests  of  5  x  106  NSCLC, 
NCI-H358,  NCI-H441,  and  NCI-H1299  cells  reproductively  formed 
progressively  growing  nude  mouse  xenograft  tumors  in  the  17-  to 
90-day  observation  period  (Table  1).  We  conclude  from  these 
studies  that  even  with  these  gain-of-function  and  loss-of-function 
manipulations,  a  full  malignant  phenotype  is  not  achieved  (in  vivo 
tumor  formation). 

Oncogenic  manipulation  leads  to  an  invasive  phenotype  in  a 
three-dimensional  organotypic  culture  assay.  To  evaluate  the 
effect  of  oncogenic  manipulation  in  HBEC3s  on  their  ability  to 
differentiate  and  to  invade,  we  did  three-dimensional  organotypic 
culture.  HBEC3  cells  only  expressing  hTERT  and  Cdk4  cells  formed 
a  confluent  layer  of  cells  on  the  upper  surface  of  a  fibroblast  and 
collagen  gel  under  layer  and  developed  both  ciliated  (Fig.  2A)  and 
mucous-producing  cell  types.  In  stark  contrast,  the  cells  expressing 
hTERT,  Cdk4,  K-RASV12,  and  p53  RNAi  showed  histologic  change 
similar  to  metaplasia/ dysplasia  and  they  invaded  into  the  fibroblast 
and  collagen  gel  similar  to  cancer  cells  invading  into  the 
submucosal  layer  (Fig.  2 B  and  C).  We  conclude  from  these  studies 
that  p53  knockdown  and  K-RASV12  are  additive  in  malignant 
transformation  leading  to  the  development  of  anchorage-indepen¬ 
dent  growth  and  the  ability  to  invade  in  a  three-dimensional 
culture  system. 

Gefitinib  and  erlotinib  inhibit  proliferation  and  colony 
formation  of  HBEC3  cells  by  inducing  Gx  cell  cycle  arrest.  The 

dependency  of  HBEC3  cell  on  EGF  signaling  prompted  us  to 
investigate  the  effect  of  tyrosine  kinase  inhibitors,  gefitinib  and 
erlotinib,  on  cell  proliferation  in  mass  culture  and  colony  formation 
of  these  cells.  Both  gefitinib  and  erlotinib  at  1  pmol/L  completely 
inhibited  the  mass  culture  proliferation  of  all  HBEC3  cells  both  in 
the  presence  and  the  absence  of  EGF  (data  not  shown).  Gefitinib  or 
erlotinib  at  1  pmol/L  also  completely  inhibited  both  anchorage- 
dependent  and  anchorage-independent  colony  formation  in  all 
HBEC3  cells  (Fig.  3 A;  Table  2).  Thus,  although  oncogenic  mani¬ 
pulation  partially  relieved  EGF  dependence,  EGF  tyrosine  kinase 
inhibitors  remain  potent  inhibitors  of  HBEC  growth.  To  investigate 
the  mechanisms  of  this  growth  inhibition  by  tyrosine  kinase 
inhibitors,  we  did  apoptosis  and  cell  cycle  analyses.  Western  blot 
for  PARP  cleavage,  an  indicator  of  caspase-mediated  apoptosis, 
showed  that  cleaved  89  kDa  fragment  was  not  detected  in  any 
of  HBEC3  cells  treated  with  tyrosine  kinase  inhibitors  but  was 
significantly  increased  in  HCC827  EGFR  mutant  cells  after  the 
treatment  with  tyrosine  kinase  inhibitors  for  48  hours  (Fig.  3 B).  Cell 
cycle  analysis  also  did  not  show  sub-Gx  DNA  fractions  indicative  of 
apoptosis  in  HBEC3  cells  treated  with  tyrosine  kinase  inhibitors. 
Instead,  the  cell  cycle  analysis  showed  increase  in  the  fraction  of 
cells  in  Gx  phase  in  all  the  HBEC3  cells  treated  with  either  of  the 
drugs,  with  reduction  of  S-phase  cells  (Fig.  3C;  Table  3).  These 
results  suggest  that  growth  inhibition  for  HBEC3  cells  by  tyrosine 
kinase  inhibitors  is  mainly  caused  by  Gx  cell  cycle  arrest  and  not 
apoptosis.  Comparing  the  results  of  fluorescence-activated  cell 
sorting  (FACS)  analysis  for  the  control  cells  treated  with  DMSO, 
we  found  that  the  combined  HBEC3  p53  knockdown  and  mutant 
K-RAS  cells  showed  a  significantly  increase  in  G2-M  phase  cells 
compared  with  either  manipulation  alone,  suggesting  dramatic 
cell  cycle  deregulation  results  from  this  oncogenic  combination 
(Fig.  3C;  Table  3). 

Effect  of  K-RAS V12  and  EGF  supplementation  on  expression 
of  phospho-EGFR,  phospho-MEK,  phospho-ERK,  and  phos- 
pho-Akt.  We  measured  the  expression  of  phosphorylated  and 
total  EGFR,  mitogen-activated  protein  kinases  (MAPK),  and  Akt 


proteins  in  the  HBEC3  cells  in  the  presence  and  absence  of  EGF. 
Addition  of  EGF  resulted  in  massive  induction  of  phospho-EGFR, 
a  slight  induction  of  phospho-ERK,  and  a  modest  induction  of 
phospho-AktThr308  in  all  HBEC3  cells  (Fig.  4 A).  In  the  absence  of 
EGF,  two  immunoreactive  phospho-MEKl/2  bands  were  detected 
whereas  the  faster  migrating  band  was  not  detected  in  the 
presence  of  EGF,  representing  a  shift  to  the  hyper  phosphorylated 
form  (Fig.  4 A).  Surprisingly,  introduction  of  K-RASV12  did  not 
show  a  significant  effect  on  phosphorylation  of  MAPKs  in  the 
presence  or  absence  of  EGF  but  led  to  a  slight  increased 
phospho-AktThr308  in  the  absence  of  EGF  (Fig.  4 A).  Also, 
surprisingly,  both  phospho-MEKl/2  and  phospho-ERK  were 
down-regulated  in  p53RNAi  and  K-RASvl2-expressing  HBEC3 
cells  compared  with  the  other  three  cell  lines  in  the  absence  of 
EGF  (Fig.  4 A). 

Tyrosine  kinase  domain  mutant  EGFRs  enhanced  anchor¬ 
age-independent  growth  of  HBEC3  cells.  EGFR  with  mutations 
in  the  tyrosine  kinase  domain  have  been  discovered  in  lung  cancers 
predominantly  arising  in  never  smokers  (25).  These  mutant  EGFRs 
are  suspected  as  having  oncogenic  properties.  To  determine  if 
mutant  EGFRs  commonly  found  in  lung  cancer  (E746-A750,  L858R) 
have  oncogenic  ability,  we  evaluated  the  tumorigenicity  of  wild- 
type  and  mutant  EGFR  transfected  HBEC3s  by  soft  agar  colony 
formation  assays.  In  the  absence  of  EGF,  E746-A750  del  expressing 
HBEC3  cells  formed  significantly  increased  number  of  colonies 
compared  with  wild  type-expressing  cells  in  both  p53  wild-type 
(P  <  0.001  by  Mann-Whitney  U  test)  and  p53  knocked  down  cells 
(P  <  0.01  by  Mann-Whitney  U  test),  whereas  L858R  mutant¬ 
expressing  HBEC3  cells  increased  the  number  of  colonies  only 
in  p53  knocked  down  cells  (P  <  0.001  by  Mann-Whitney  U  test; 
Fig.  4C).  In  contrast  to  p53  RNAi  and  mutant  K-RAS-expressing 
HBEC3s  that  formed  very  few  number  of  colonies  (2.7  ±  2.0 
of  1,000)  in  the  absence  of  EGF,  the  E746-A750  del  mutant  trans- 
fectants  formed  substantial  number  of  colonies  even  in  the  absence 
of  EGF  (Fig.  4C),  suggesting  that  E746-A750  del  mutant  reduced  the 
EGF  dependence  of  HBEC3s  in  terms  of  anchorage-independent 
growth.  Of  interest,  the  L858R  mutant  only  showed  this 
independence  when  p53  was  removed  by  knockdown  (Fig.  4 C). 
Again,  in  these  p53  knocked  down  HBEC3s  carrying  a  control 
vector  (used  for  EGFR  introduction),  the  cells  remained  dependent 
on  EGF  for  soft  agar  growth.  These  results  indicate  that  both  types 
of  mutant  EGFRs  possess  oncogenic  properties  compared  with 
wild-type  EGFR.  They  also  provide  functional  differences  between 
the  deletion  and  missense  EGFR  mutants,  including  differences  in 
p53  interaction.  We  also  did  nude  mice  injection  assays  for  p53 
knocked  down  HBEC3s  carrying  L858R  mutant,  which  formed  the 
most  number  of  colonies  in  the  absence  of  EGF  (Fig.  4C).  However, 
they  did  not  form  tumor  in  nude  mice  (Table  1). 

Introduction  of  both  wild-type  and  mutant  EGFR  into 
HBEC3s  resulted  in  constitutive  activation  of  EGFR.  Phosphor¬ 
ylation  level  of  EGFR  was  evaluated  by  Western  blotting  with  four 
(Y845,  Y992,  Y1045,  and  Y1068)  phosphorylation-specific  anti¬ 
bodies.  To  reduce  the  background  for  Western  blotting,  cells  were 
first  starved  in  the  medium  without  bovine  pituitary  extract  and 
EGF  for  24  hours  before  harvest.  In  the  absence  of  exogenous  EGF, 
we  found  EGFR  mutants  and  wild-type  EGFR  to  exhibit  induced 
levels  of  phosphorylated  EGFR,  suggesting  the  existence  of 
autocrine  ligands  stimulating  EGFR  (Fig.  4 B).  In  p53  wild-type 
cells,  wild-type  EGFR  showed  phosphorylation  of  Y845,  Y992,  and 
Y1068  to  a  lesser  extent  than  when  mutant  EGFRs  were  present 
(Fig.  4 B).  In  contrast,  in  p53  knocked  down  cells,  such  a  difference 
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Figure  4.  Transduction  analysis  for  oncogenically  manipulated  HBEC3  cells.  A,  effect  of  K-RASV12  and  EGF  supplementation  on  expression  of  phospho-EGFR, 
phospho-MEK,  phospho-ERK,  and  phospho-Akt.  HBEC3  cells  were  grown  in  the  presence  or  absence  of  5  ng/mL  EGF  and  were  immunoblotted  to  detect  phospho-EGFR 
(pEGFR),  EGFR,  phospho-MEK1/2  ( pMEK1/2 ),  MEK1/2,  phospho-ERK  ( pERK ),  ERK,  phospho-Akt  (pAkt\  Thr308),  and  Akt.  Actin  was  used  as  loading  control.  B,  effect 
of  wild-type  and  mutant  EGFR  introduction  on  expression  of  phospho-EGFRs,  phospho-STAT3,  phospho-ERK,  and  phospho-Akt  in  HBEC3  cells.  Wild  type-  or 
mutant  EGFR-introduced  HBEC3  cells  were  grown  in  the  absence  of  EGF  and  were  immunoblotted  to  detect  phospho-EGFRs  (Y1068,  Y1045,  Y992,  and  Y845),  EGFR, 
phospho-STAT3,  phospho-Akt  (Y473),  and  phospho-ERK.  Actin  was  used  as  loading  control.  C,  soft  agar  colony  formation  assay  for  oncogenically  manipulated 
HBEC3  cells.  A  total  1 ,000  of  each  HBEC3  cell  strains  were  plated  in  agar  and  4  weeks  later  microscopically  visible  colonies  were  counted.  Columns,  mean  of  three 
independent  experiments;  bars,  SD.  *,  P  <  0.01 ,  one-way  ANOVA  with  Bonferroni’s  posttest,  #,  P  <  0.01 ,  Mann-Whitney  test;  ##,  P  <  0.001 ,  Mann-Whitney  test. 
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Figure  4  Continued.  D,  microarray  analysis  and  real-time  PCR 
validation  for  DUSP6/MKP-3  gene.  Columns,  fold  changes  of  the 
mRNA  levels  of  DUSP6/MKP-3  gene  relative  to  those  of  GAPDH  gene 
in  HBEC3  cells  transfected  with  wild-type  or  mutant  EGFR. 


was  not  seen  (Fig.  4 B).  This  result  suggests  that  the  activation  of 
wild-type  EGFR  might  be  suppressed  by  p53.  Interestingly,  the 
Y1045  site  was  highly  phosphorylated  in  L858R  transfectants  but 
not  in  E746-A750  del  transfectant  (Fig.  4 B),  indicating  that  Y1045 
is  unique  in  distinguishing  between  the  two  types  of  EGFR  mutat¬ 
ions  (Fig.  4 B). 

AKT  and  STAT3  were  phosphorylated  at  higher  level  in 
mutant  EGFRs  than  wild-type  EGFR.  The  EGFR  L858R  mutant 
showed  increased  level  of  phosphorylated  Akt  and  STAT3  in  both 
p53  wild-type  and  p53  knocked  down  cells,  whereas  the  EGFR 
E746-A750  del  mutant  showed  increased  level  of  phosphorylated 
Akt  only  in  p53  knocked  down  cells  and  slightly  increased  level  of 
phosphorylated  STAT3  in  both  p53  wild-type  and  p53  knocked 
down  cells  (Fig.  4 B).  By  contrast,  no  significant  difference  in 
phosphorylated  ERK  was  seen  between  wild-type  and  mutant 
EGFRs  (Fig.  4 B).  These  results  suggest  that  mutant  EGFRs 
selectively  transduces  signals  through  Akt  and  STAT3,  which  is 
consistent  with  previously  reported  data  (26). 

DUSP6/MKP-3  gene  was  up-regulated  in  mutant  EGFR 
transfected  HBEC3  cells.  Microarray  analysis  for  HBEC3  cells 
transfected  with  wild-type  or  mutant  EGFRs  shows  that  mRNA 
of  DUSP6/MKP-3,  whose  protein  is  a  dual-specificity  phosphatase 
that  dephosphorylate  the  active  form  of  ERK  (27,  28),  is  signifi¬ 
cantly  up-regulated  in  mutant  EGFR  transfectants  compared  with 
wild- type  and  vector-transfected  cells  (Fig.  4 D).  Real-time  PCR 
analysis  for  DUSP6/MKP-3  also  showed  this  result  (Fig.  4 D). 

Discussion 

We  have  taken  HBECs  immortalized  using  overexpression  of  Cdk4 
(to  circumvent  pl6-mediated  cell  culture  growth  arrest)  and  hTERT 
(to  prevent  telomere  erosion)  and  genetically  manipulated  them  by 
stably  knocking  down  p53,  expressing  oncogenic  K-RASV12  and 
mutant  EGFR,  alone  or  in  combination.  The  results  show  that  these 
additional  genetic  changes,  commonly  found  in  human  lung  cancer, 


progress  the  HBEC3  cells  part,  but  not  all,  of  the  way  toward 
malignancy.  The  human  cells  exhibit  higher  saturation  density, 
anchorage-independent  growth,  invade  in  an  organotypic  culture 
assay  but  do  not  form  tumors  in  mouse  xenografts.  Although,  in 
general,  the  cells  remain  dependent  on  EGF,  p53  knockdown  and 
mutant  EGFR  reduce  this  EGF  dependence.  In  addition,  their  growth 
and  ability  to  form  colonies  in  liquid  and  semisolid  medium  is 
dramatically  reduced  by  EGFR-directed  tyrosine  kinase  inhibitors. 
These  studies  indicate  that  more  than  four  genetic  alterations  are 
required  for  the  full  cancer  transformation  of  HBECs. 

Several  studies  have  reported  that  introduction  of  oncogenes, 
such  as  K-RAS  or  HRAS  and  c-myc,  result  in  malignant 
transformation  of  HBECs  (29-31).  However,  until  the  present 
study,  there  has  not  been  immortalized  cell  lines  with  wild-type 
p53  function.  (Prior  studies  were  done  with  viral  oncoprotein 
immortalized  cells  abrogating  p53  function;  refs.  11,  12,  29,  30,  32.) 
In  the  present  study,  we  have  shown  that  >90%  inhibition  of 
p53  protein  in  immortalized  HBECs  enhances  the  clonal  and  soft 
agar  colony  formation  and  results  in  partial  loss  of  contact 
inhibition,  indicating  that  loss  of  p53  function  contributes 
importantly  to  the  malignant  progression  of  HBECs.  In  addition, 
the  combination  of  p53  knockdown  and  oncogenic  K-RASV12 
enhanced  these  changes  further,  suggesting  these  two  genetic 
alterations  have  additive  effects  on  tumorigenicity.  Taken  together, 
these  results  show  that  this  model  system  provides  a  powerful  new 
approach  to  assess  the  contribution  of  individual  genetic 
alterations  in  HBECs  in  the  malignant  process. 

RAS  was  first  identified  as  an  oncogene  by  virtue  of  its  ability  to 
overcome  cell- to -cell  contact  inhibition  of  proliferation  and  this 
ability  has  been  well  documented  in  many  types  of  cells  (33,  34).  In 
the  present  study,  not  only  oncogenic  K-RASV12  but  also  p53 
knockdown  resulted  in  partial  loss  of  contact  inhibition  and  the 
combination  of  them  enhanced  this  ability.  Recently,  Meerson  et  al. 
(35)  reported  results  consistent  with  this  finding.  They  showed  that 
p53  knockdown  in  WI38  human  embryonic  lung  fibroblasts 
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reduced  density-dependent  inhibition  of  growth  by  abolishing 
phase  arrest.  Although  density-dependent  inhibition  of  growth  is  a 
complex  phenomenon  and  its  precise  mechanism  is  not  well 
understood,  this  phenomenon  is  thought  to  be  indicative  of  tumor- 
igenic  potential.  Thus,  their  results  and  ours  suggest  that  p53  may 
function  as  a  tumor  suppressor  even  when  the  cells  are  not  under 
stresses,  such  as  genotoxic  damage  and  irradiation.  Recently,  other 
studies  also  reported  that  p53  function  is  involved  in  regulating  cell 
motility  and  adhesion  (36,  37). 

It  is  unclear  how  the  mutant  K-RAS  transfected  HBECs 
preferentially  express  the  mutant  compared  with  wild-type  K-RAS 
allele.  These  cells  express  mutant  K-RAS  mRNA  predominantly 
without  changing  the  total  K-RAS  protein  levels,  suggesting  that 
wild-type  K-RAS  expression  is  suppressed  at  the  transcriptional 
level  in  these  cells.  The  mechanism  of  transcriptional  regulation  of 
K-RAS  has  not  been  fully  elucidated  and  we  are  unable  to  explain 
the  mechanism  of  this  observation.  However,  the  hypothesis  that 
oncogenic  RAS  inhibits  the  transcription  of  wild-type  RAS  is 
compatible  with  our  observations.  Because  the  tumor  suppressor 
function  of  wild-type  K-RAS  has  been  shown  in  mice,  one 
possibility  is  that  mutant  RAS  exerts  its  oncogenic  ability  in  part 
by  suppressing  the  expression  of  wild-type  RAS.  This  hypothetical 
function  of  oncogenic  RAS  seems  very  attractive  in  terms  of  better 
understanding  the  mechanism  of  oncogenic  RAS,  and  thus  it  will  be 
of  interest  to  further  investigate  these  findings. 

Previous  studies  have  found  high  levels  of  EGFR  expression  in 
both  immortalized  and  nonimmortalized  HBECs  (38).  EGF 
supplementation  also  results  in  a  slight  increase  of  growth  rate 
at  normal  cell  density  in  HBECs  (38).  Several  studies  have  shown 
the  existence  of  an  EGFR  autocrine  loop  involving  EGF,  trans¬ 
forming  growth  factor-a,  and  amphiregulin  in  HBECs  (39,  40).  In 
addition,  tobacco  smoke  induces  proliferation  of  primary  HBEC 
through  an  EGFR  autocrine  loop  mediated  by  tumor  necrosis 
factor-a-converting  enzyme  and  amphiregulin,  suggesting  tobacco 
smoke  induction  of  the  EGFR  autocrine  loop  in  lung  cancer 
pathogenesis  (41).  In  the  present  study,  we  found  that  HBEC3  cells 
expressed  high  level  of  EGFR  that  was  stimulated  to  phospho-EGFR 
with  EGF  whereas  their  colony-forming  ability  in  both  liquid  and 
soft  agar  was  highly  dependent  on  EGF  supplementation.  Signal 
transduction  studies  in  HBEC3  cells  suggest  that  this  may  in  part 
be  due  to  the  up-regulation  of  the  Akt  pathway.  With  p53 
knockdown  and  K-RAS  oncogenic  manipulation,  the  EGF  depen¬ 
dence  was  partially  relieved,  suggesting  the  potential  for  autocrine 
growth  factor  production.  Thus,  previous  studies  and  our  results 
suggest  that  EGF  autocrine  loop  may  play  an  important  role  in  cell 
proliferation  and  tumorigenic  progression  of  HBECs. 

Gefitinib  (Iressa)  and  erlotinib  (Tarceva)  are  orally  available 
tyrosine  kinase  inhibitors  that  target  EGFR  (42-45).  Gefitinib  has 
been  approved  as  a  third-line  therapy  for  NSCLC  patients.  Erlotinib 
has  been  shown  to  be  active  and  well  tolerated  in  patients  with 
NSCLC,  providing  survival  benefit  (46).  Although  these  drugs  are 
being  developed  as  anticancer  drugs,  recent  studies  have  shown 
that  gefitinib  inhibits  cell  proliferation  in  immortalized  normal  or 
precancerous  breast  cells,  supporting  its  role  as  a  chemopreventive 
agent  (47).  Because  we  found  robust  expression  of  EGFR  in  HBEC3 
cells  and  their  high  dependency  of  growth  on  EGF,  we  considered 
the  possibility  that  tyrosine  kinase  inhibitors  are  also  effective  in 
oncogenically  manipulated  HBEC3  cells.  We  observed  that  1  pmol/L 
gefitinib  or  erlotinib  dramatically  inhibited  both  anchorage- 
dependent  and  anchorage-independent  cell  growth  of  HBEC3  cells. 
Apoptosis  and  cell  cycle  analyses  showed  that  this  inhibition 


was  caused  mainly  by  not  apoptosis  but  Gj  cell  cycle  arrest,  which 
is  consistent  with  previous  papers  reporting  that  gefitinib  and 
erlotinib  induce  Gi  cell  cycle  arrest  in  several  types  of  cells  (48-52). 
These  results  provide  part  of  a  preclinical  rationale  for  the  deve¬ 
lopment  of  these  drugs  for  the  prevention  of  human  lung  cancer. 
It  is  important  to  point  out  that  the  concentrations  used  in  the 
present  studies  are  actually  achieved  in  patients  with  current 
standard  drug  practices  (53,  54).  In  addition,  interestingly,  we  found 
that  G2-M  fraction  significantly  increase  with  the  combination  of 
p53  knock  down  and  mutant  K-RAS  cells  compared  with  either 
oncogenic  manipulation  alone.  We  speculate  that  in  the  presence 
of  intact  p53  function,  cell  cycle  progression  induced  by  mutant 
K-RAS  in  HBECs  is  suppressed  by  the  ability  of  p53  to  induce  Gi 
arrest,  whereas  in  the  absence  of  p53,  mutant  K-RAS  exerts  its 
ability  to  progress  the  cell  cycle  from  Gi  to  S  phases,  resulting  in 
significantly  increased  G2-M  phase  fraction.  Consistent  with  this 
hypothesis,  one  paper  showed  that  ectopic  expression  of  mutant 
N-RAS  impaired  the  Gi  and  G2  cell  cycle  arrest  only  in  p53- 
defective  cells  (55).  In  addition,  it  will  be  interesting  to  see  whether 
similar  types  of  cell  cycle  deregulation  are  also  found  when  mutant 
EGFR  is  combined  with  loss  of  p53  function  in  these  cells. 

Introduction  of  tyrosine  kinase  domain  EGFR  mutants  enhanced 
anchorage-independent  growth  of  HBEC3s,  providing  evidence  of 
their  oncogenic  properties.  In  addition,  signal  transduction  analysis 
showed  that  they  stimulated  Akt  and  STAT3  but  not  Erkl/Erk2 
signals,  consistent  with  previously  reported  results  (26).  Our 
discovery  of  DUSP6/MKP-3  mRNA  up-regulation  in  mutant  EGFR 
transfectants  provides  an  explanation  for  this.  Because  DUSP6/ 
MKP-3  protein  is  a  dual-specificity  phosphatase  that  dephosphor- 
ylates  the  active  form  of  ERK  (27,  28),  it  is  possible  that  Erkl/Erk2 
phosphorylation  in  EGFR  mutant  cells  is  down-regulated  by  DUSP6/ 
MKP-3.  In  addition,  the  findings  that  Akt  and  STAT3  were  not  highly 
phosphorylated  in  HBECs  that  showed  robust  level  of  phosphory- 
lated  EGFR  suggests  that  a  negative  feedback  regulatory  pathway 
may  be  activated  for  Akt  and  STAT3  as  well,  and  that  the  mutant 
EGFRs  bypass  this  regulation. 

Although  p53  knockdown,  K-RAS V12,  and  mutant  EGFR  progress 
HBEC3  cells  toward  malignancy,  the  manipulated  cells  are  not  fully 
malignant.  What  additional  genetic  alterations  are  required  for  full 
malignant  transformation  in  HBEC3  cells?  For  this  question,  there 
may  be  a  clue  from  recent  work  of  Hahn  et  al.,  who  showed  that 
defined  genetic  alterations,  including  the  early  region  of  the  SV40 
genome,  the  hTERT  gene,  and  an  oncogenic  allele  of  H-ras,  resulted 
in  malignant  transformation  in  human  embryonic  epithelial  and 
fibroblast  cells  (56).  By  precisely  analyzing  the  early  region  of  SV40, 
they  have  shown  that  small  T  antigen,  which  is  transcribed  from 
the  early  region  together  with  large  T  antigen,  may  play  an 
important  role  in  carcinogenesis.  Small  T  antigen  has  been  shown 
to  bind  and  to  target  phosphatase  2A  (PP2A),  which  regulates  the 
RAS/MAPK  cascade.  Our  unpublished  studies  have  shown  no 
mutation  but  frequent  loss  of  PP2A  expression  in  lung  cancer, 
raising  the  possibility  that  PP2A  is  involved  in  lung  carcinogenesis. 
Thus,  a  next  step  would  be  to  inactivate  PP2A  in  HBEC3  cells  in 
addition  to  p53  knockdown  and  K-RASV12.  It  will  also  be  of  interest 
to  introduce  other  genetic  alterations  observed  in  lung  cancer, 
such  as  MYC  family  overexpression,  FHIT  inactivation,  RASSF1A 
inactivation,  and  PTEN  inactivation.  Although  we  used  a  previously 
reported  target  sequence  for  p53  knockdown,  which  has  also  been 
used  in  several  papers  (17,  18,  57)  and  has  no  other  BLAST  hits,  we 
are  unable  to  completely  exclude  the  possibility  that  off-target 
effects  might  affect  our  phenotypic  analysis. 
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In  conclusion,  we  have  shown  that  using  the  immortalized  HBEC 
model,  p53  knockdown,  K-RASV12,  and  mutant  EGFR  in  the  presence 
of  pl6  bypass  and  human  telomerase  contribute  to  lung  cancer 
tumorigenesis,  but  additional  genetic  alterations  are  required  for  full 
malignant  transformation  of  HBECs.  In  addition,  we  note  that  p53 
knockdown  relaxes  the  dependence  on  EGF  in  the  presence  of  both 
wild-type  and  mutated  EGFR.  However,  these  oncogenically 
manipulated  HBEC  cells  remain  highly  dependent  on  EGFR 
signaling  for  expression  of  key  portion  of  the  malignant  phenotype. 
This  dependence  along  with  activated  EGFR  in  bronchial  preneo¬ 


plasia  suggests  the  use  of  EGFR  inhibition  by  tyrosine  kinase 
inhibitors  as  chemoprevention  agents  for  lung  cancer. 
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Abstract 

Sixteen  cases  of  primary  oncocytic 
adenocarcinomas  of  the  lung  are  reported.  The  patients 
were  11  women  and  5  men  between  the  ages  of  47 
and  81  years  (median,  75  years)  with  symptoms  of 
cough,  chest  pain,  and  shortness  of  breath.  Surgical 
staging  disclosed  14  patients  (88%)  with  stage  I 
disease,  1  (6%)  with  stage  II,  and  1  (6%)  with  stage 
III.  Histologically,  all  the  cases  displayed  prominent 
oncocytic  features  with  conventional  growth  patterns, 
including  acinar,  papillary,  and  bronchioloalveolar. 
Immunohistochemically,  the  tumors  displayed  positive 
staining  for  keratin  7,  thyroid  transcription  factor- 1, 
and  mitochondrial  antibody.  Molecular  studies  showed 
3  (20%)  of  15  tumors  with  EGFR  mutations  and  3 
additional  cases  with  KRAS  mutations.  Clinical 
follow-up  of  at  least  24  months  was  obtained  in  all 
patients  and  showed  that  5  patients  had  recurrences, 

2  patients  died  of  tumor,  and  2  other  patients  died  of 
unrelated  conditions.  These  cases  represent  an  unusual 
variant  of  pulmonary  adenocarcinoma. 


Lung  cancer  is  the  most  common  cause  of  cancer-related 
mortality  worldwide,  and  adenocarcinoma  is  currently  the 
most  common  histologic  subtype.1  Conventionally,  adenocar¬ 
cinomas  have  been  grouped  into  3  distinct  grades  including 
well,  moderately,  and  poorly  differentiated.  In  addition,  sev¬ 
eral  distinct  patterns  of  growth  have  been  reported,  including 
mucinous,  papillary,  micropapillary,  hepatoid,  and  signet-ring 
cell  among  others.2"13  However,  primary  oncocytic  adeno¬ 
carcinomas  of  the  lung  have  not  been  addressed  as  a  specific 
clinicopathologic  entity.  Oncocytic  neoplasms  are  well  recog¬ 
nized  and  accepted  in  other  organ  systems,  including  the  sali¬ 
vary  gland,  thyroid,  and  kidney,  where  these  tumors  appear 
to  be  more  common.  Needless  to  say,  owing  to  the  unusual 
occurrence  and  lack  of  proper  recognition,  the  presence  of  an 
oncocytic  adenocarcinoma  in  the  lung  will  inevitably  lead  to 
the  possibility  of  metastatic  disease  to  the  lung. 

Herein,  we  describe  16  primary  oncocytic  adenocarci¬ 
nomas  of  the  lung,  which  we  consider  represent  a  specific 
clinicopathologic  entity  and  one  that  needs  to  be  recognized 
and  not  mistaken  for  metastatic  disease  to  the  lung. 


Materials  and  Methods 

Sixteen  cases  of  primary  oncocytic  adenocarcinomas  of 
the  lung  represent  the  basis  for  this  report.  The  cases  were 
found  in  the  files  of  the  department  of  pathology  at  the  M.D. 
Anderson  Cancer  Center,  Houston,  TX,  during  a  review  of 
566  cases  of  primary  adenocarcinomas  of  the  lung  in  an 
8-year  period  (1997  to  2005).  All  cases  represent  complete 
surgical  resections,  and  no  biopsy  material  was  included.  All 
available  histologic  material  was  reviewed,  which  included 
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3  to  22  H&E-stained  glass  slides  of  tumor.  Detailed  clinical 
and  pathologic  information  was  available  in  all  cases,  includ¬ 
ing  demographic  data,  smoking  history,  clinical  and  surgical 
staging,  overall  survival,  and  recurrence  data.  Paraffin  blocks 
were  available  in  14  cases  to  perform  immunohistochemical 
studies  and  molecular  analysis. 

All  tumors  were  evaluated  following  the  subclassifica¬ 
tion  proposed  by  the  World  Health  Organization,14  and,  in 
addition,  the  percentage  of  necrosis  and  mitotic  index  were 
recorded  in  each  case.  The  main  criterion  for  inclusion  in  this 
study  was  more  than  50%  oncocytic  differentiation  in  any  of 
the  recognized  growth  patterns.  For  immunohistochemical 
studies,  antibodies  for  cytokeratin  7  (clone  OV-TL  12/30,  cat¬ 
alog  No.  M7018,  dilution  1:100;  DakoCytomation,  Glostrup, 
Denmark),  cytokeratin  20  (clone  Ks  20.8,  catalog  No.  M7019, 
dilution  1:100;  DakoCytomation),  thyroglobulin  (polyclonal, 
catalog  No.  A0251,  dilution  1:200;  DakoCytomation),  thy¬ 
roid  transcription  factor  (TTF)-l  (clone  8G7G3/1,  catalog 
No.  M3575,  dilution  1:200;  DakoCytomation),  mitochondrial 
antigen  (clone  113,  catalog  No.  MU213-C,  dilution  1:500; 
BioGenex,  San  Ramon,  CA),  dendritic  cell  lysosome-asso- 
ciated  membrane  protein  (DC-FAMP  [CD208],  clone  104. 
G4,  catalog  No.  IM-3448,  dilution  1:50;  Beckman  Coulter, 
Fullerton,  CA),  and  surfactant  protein  A  (clone  PE- 10,  catalog 
No.  MS-703,  dilution  1:150;  Fab  Vision,  Fremont,  CA)  were 
evaluated  in  14  tumors.  Cytoplasmic  staining  was  evaluated 
for  cytokeratins  7  and  20  and  nuclear  staining  for  TTF-1, 
while  granular  or  “spaghetti-like”  cytoplasmic  staining  was 
used  for  mitochondrial  antigen.  The  scoring  system  used  was 
as  follows:  0,  no  staining;  1+,  weakly  detectable  staining;  2+, 
easily  identifiable  staining;  and  3+,  for  dark,  strong  staining. 


Molecular  studies  included  EGFR  mutation  analysis  of 
exons  18  through  21  and  KRAS  mutation  analysis  of  exons 
1  and  2  with  polymerase  chain  reaction  (PCR)  amplification 
using  intron-based  primers,  as  previously  described,  using 
approximately  200  microdissected  cells  for  each  PCR  ampli¬ 
fication  test.15,16  All  PCR  products  were  directly  sequenced 
using  the  Applied  Biosystems  PRISM  dye  terminator  cycle 
sequencing  method  (Applied  Biosystems,  Foster  City,  CA). 
All  sequence  variants  were  confirmed  by  independent  PCR 
amplification  from  at  least  2  independent  microdissections 
and  DNA  extraction  and  sequenced  in  both  directions,  as 
previously  reported.15,16 

After  each  of  the  aforementioned  studies  was  performed, 
the  16  cases  were  further  evaluated  with  the  respective  results. 
All  cases  selected  on  histologic  evaluation  were  reevaluated 
after  immunohistochemical  and  molecular  biologic  studies 
were  completed. 


Results 

Clinical  Features 

The  most  important  clinical  features  are  given  in  ITable 
II.  The  patients  included  1 1  women  and  5  men  between  the 
ages  of  47  and  81  years  (median,  75  years;  mean,  71  years). 
Of  the  16  patients,  14  (88%)  are  tobacco  users  (10  former 
users  and  4  current  users),  and  2  patients  never  used  tobacco. 
Common  symptoms  for  all  patients  included  cough,  shortness 
of  breath,  and  chest  pain.  None  of  the  patients  had  a  history 
of  malignancy  elsewhere.  Radiologically,  all  the  patients  were 


ITable  II 

Clinicopathologic  Characteristics  and  Follow-up  of  16  Cases  of  Primary  Oncocytic  Lung  Adenocarcinoma 


Case  No./ 
Sex/ Age  (y) 

Surgical 

Procedure 

Lobe 

Tumor 

Localization 

Tumor 

Size  (cm) 

Stage 

Smoking 

Status 

Recurrence 

(mo) 

Outcome 

(mo) 

1/M/78 

Lobectomy 

Left 

Peripheral 

2.1 

IB 

Former 

Yes  (14.55) 

DOD  (15.4) 

2/F/74 

Wedge  resection 

Left 

Peripheral 

1.3 

IIIA 

Former 

Yes  (3.6) 

Died  (7.0) 

3/M/62 

Wedge  resection 

Left 

Peripheral 

1.5 

IA 

Former 

No 

DOD  (30.7) 

4/F/76 

Lobectomy 

Left 

Peripheral 

3.8 

IB 

Former 

No 

Alive  (61.1) 

5/F/81 

Lobectomy 

Left 

Perihilar 

2.3 

IA 

Former 

No 

Alive  (57.0) 

6/F/74 

Lobectomy 

Right 

Peripheral 

1.2 

IA 

Current 

No 

Alive  (48.1) 

7/F/78 

Lobectomy 

Right 

Peripheral 

2.5 

IB 

Current 

No 

Alive  (44.7) 

8/M/75 

Lobectomy 

Right 

Peripheral 

2.3 

IB 

Former 

Yes  (32.1) 

Alive  (49.4) 

9/F/65 

Lobectomy 

Left 

Peripheral 

2.0 

IB 

Former 

Yes  (9.7) 

Alive  (45.1) 

1 0/F/75 

Lobectomy 

Right 

Peripheral 

3.5 

IB 

Current 

No 

Alive  (37.5) 

1 1/F/47 

Wedge  resection 

Right 

Peripheral 

2.0 

IA 

Former 

No 

Alive  (34.9) 

1 2/M/79 

Lobectomy 

Left 

Peripheral 

3 

IA 

Former 

No 

DUC  (44.9) 

13/F/79 

Lobectomy 

Left 

Peripheral 

2.5 

IA 

Never 

No 

Alive  (79.7) 

14/F/54 

Lobectomy 

Right 

Peripheral 

2 

IB 

Current 

No 

Alive  (92.1) 

1 5/F/67 

Lobectomy 

Left 

Peripheral 

1.8 

IA 

Never 

No 

Alive  (45.7) 

1 6/M/76 

Lobectomy 

Right 

Peripheral 

4.9 

MB 

Former 

Yes  (19.5) 

Died  (46.8) 

DOD,  died  of  other  disease;  DUC,  died  of  unknown  cause. 
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shown  to  have  an  intrapulmonary  mass,  and  all  patients  under¬ 
went  surgical  resection  of  the  tumor  mass.  Of  the  patients,  13 
patients  underwent  lobectomy  and  3  underwent  wedge  resec¬ 
tion  as  initial  treatment.  Disease  stage  was  as  follows:  stage  I, 
14;  stage  II,  1;  and  stage  III,  1. 

Macroscopic  Features 

Of  the  tumors,  15  tumors  were  in  the  periphery  of  the 
lung  parenchyma  and  1  in  the  pulmonary  hilum.  In  1  case, 
there  were  2  distinct  contiguous  tumor  nodules,  whereas  in 
the  remaining  cases,  there  was  a  single  pulmonary  mass.  The 
left  lung  was  the  site  of  9  tumors,  and  7  were  located  in  the 
right  lung.  The  tumors  were  described  as  well  circumscribed, 


light  tan,  with  and  without  areas  of  necrosis  and/or  hemor¬ 
rhage.  The  tumors  varied  in  size  from  1.2  to  4.9  cm  in  great¬ 
est  diameter. 

Histologic  Features 

The  1 6  oncocytic  adenocarcinomas  were  grouped  in  the 
conventional  3 -tier  category,  showing  5  well-differentiated,  7 
moderately  differentiated,  and  4  poorly  differentiated  adeno¬ 
carcinomas.  Four  distinct  growth  patterns  were  observed  in 
these  adenocarcinomas:  acinar,  solid,  papillary,  and  bronchi¬ 
oloalveolar  in  different  percentages  in  a  given  tumor  ITable  21, 
■Image  II,  Hmage  21,  llmage  31,  llmage  41,  llmage  51,  Hmage 
61,  and  llmage  71.  A  mixture  of  growth  patterns  was  observed 


ITable  21 

Tumor  Growth  Pattern  Analysis  of  16  Primary  Oncocytic  Lung  Adenocarcinomas 


Case  No. 

Subtype 

Acinar  (%) 

Bronchioloalveolar  (%) 

Papillary  (%) 

Solid  (%) 

1 

Mixed 

90 

0 

0 

10 

2 

Mixed 

60 

0 

0 

40 

3 

Mixed 

70 

0 

30 

0 

4 

Mixed 

50 

50 

0 

0 

5 

Mixed 

10 

10 

80 

0 

6 

Mixed 

60 

0 

40 

0 

7 

Mixed 

60 

40 

0 

0 

8 

Mixed 

75 

10 

5 

10 

9 

Acinar 

100 

0 

0 

0 

10 

Mixed 

90 

0 

10 

0 

11 

Acinar 

100 

0 

0 

0 

12 

Mixed 

60 

0 

40 

0 

13 

Acinar 

100 

0 

0 

0 

14 

Acinar 

100 

0 

0 

0 

15 

Mixed 

95 

5 

0 

0 

16 

Mixed 

20 

0 

0 

80 

llmage  II  Low-power  view  of  an  oncocytic  adenocarcinoma 
with  prominent  papillary  features  (H&E,  x2). 


llmage  21  Oncocytic  papillary  adenocarcinoma  showing 
papillary  structures  with  a  homogeneous  cellular  proliferation 
(H&E,  x20). 
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■Image  31  Oncocytic  adenocarcinoma  showing  a  mixture  of 
patterns,  papillary  and  acinar  (H&E,  xl  0). 


in  12  cases,  whereas  only  4  tumors  showed  a  single  growth 
pattern.  However,  regardless  of  the  growth  pattern,  the  salient 
feature  of  all  of  these  tumors  was  that  they  were  composed  of 
medium-sized  cells  with  ample  eosinophilic  “oncocytic”  cyto¬ 
plasm,  round  nuclei,  and  conspicuous  nucleoli.  In  some  areas, 
larger  polygonal  cells  resembling  “oncoblasts”  were  also 
present.  In  tumors  with  a  papillary  pattern,  the  growth  pattern 
resembled  that  described  in  the  oncocytic  variant  of  papil¬ 
lary  carcinoma  of  the  thyroid,  ie,  the  presence  of  a  prominent 
papillary  configuration  with  anastomosing  cords  of  neoplastic 


cells  with  little  intervening  stroma,  whereas  in  tumors  with  a 
solid  pattern,  there  were  sheets  of  neoplastic  cells  without  any 
particular  arrangement.  It  is  interesting  that  in  some  tumors, 
a  prominent  bronchioloalveolar  pattern  was  also  identified. 
Areas  of  necrosis  were  observed  in  7  cases  that  ranged  from 
approximately  10%  to  50%,  whereas  mitotic  figures  ranged 
from  1  to  8  mitotic  figures  per  10  high-power  fields. 

Immunohistochemical  Features 

Immunohistochemical  studies  were  performed  in  14 
cases.  All  tumors  studied  showed  positive  staining  for  cyto- 
keratin  7  and  for  TTF-1  llmage  8AI,  whereas  thyroglobulin 
was  negative  in  all  cases.  Cytokeratin  20  was  focally  positive 
in  2  cases.  Mitochondrial  antigen  showed  variable  staining 
patterns;  in  13  cases,  the  staining  pattern  was  intense  2+  and 
3+  llmage  8BI,  whereas  in  1  case,  the  staining  pattern  was  1+ 
and  focal.  In  addition,  other  stains  for  the  possibility  of  Clara 
cell  differentiation  were  performed  showing  DC-LAMP  with 
focal,  positive  staining  in  2  cases  and  2  additional  cases  with 
diffuse  strong  cytoplasmic  staining,  whereas  surfactant  pro¬ 
tein  A  (PE- 10)  showed  focal  positive  staining  in  4  cases  and 
strong  positive  cytoplasmic  staining  in  only  1  case.  In  only  1 
case  did  we  observe  the  presence  of  DC-LAMP  and  PE- 10+ 
staining  ITable  31. 

Molecular  Analysis 

Mutation  analyses  for  EGFR  llmage  9AI  and  KRAS 
llmage  9BI  were  performed  in  15  and  16  tumors,  respectively, 
showing  3  cases  (20%)  harboring  mutations  in  EGFR ;  2 
showing  a  15 -base-pair  deletion  in  exon  19;  and  1  showing  a 


llmage  41  Oncocytic  adenocarcinoma  showing  an  acinar  growth  pattern.  A,  Focal  glandular  formation  with  bright  eosinophilic 
cytoplasm  in  the  lumen.  B,  More  solid  proliferation  with  marked  inflammatory  reaction  composed  of  plasma  cells  (A  and  B, 
H&E,  x20). 
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■Image  51  High-power  view  of  an  acinar  oncocytic 
adenocarcinoma  showing  larger  cells  with  ample  eosinophilic 
cytoplasm,  oval  nuclei,  and  prominent  nucleoli  resembling 
oncoblasts  (H&E,  x40). 

point  mutation  in  codon  21.  Three  cases  (19%)  were  mutated 
for  KRAS ,  2  in  codon  12  and  1  in  codon  61  ITable  41. 

Follow-up  Information 

Clinical  follow-up  data  for  at  last  24  months  were  avail¬ 
able  for  all  patients  (Table  1).  Recurrence-free  survival  at  2 
years  was  75%  (12  patients),  and  overall  survival  was  88% 
(14  patients).  Overall,  5  patients  had  recurrence  (recurrence 
time  ranged  from  3.6  to  32  months).  Two  patients  died  of  the 
tumor  (~7  and  47  months),  2  died  of  unrelated  conditions, 
and  1  died  of  unknown  cause  (~45  months)  without  evidence 
of  recurrence. 


Discussion 

The  existence  of  oncocytic  features  in  primary  tumors 
of  the  lung  is  well  known,  and  in  the  majority  of  cases, 
such  features  have  been  reported  in  neuroendocrine  tumors, 
including  neuroendocrine  carcinomas  (carcinoid  tumors)  and 
primary  paragangliomas  of  the  lung.  In  addition,  similar  onco¬ 
cytic  features  have  also  been  described  in  salivary  gland-type 
tumors,  ie,  acinic  cell  carcinoma  and  primary  oncocytomas 
of  the  lung.17"21  On  the  other  hand,  it  is  also  well  known  that 
the  lungs  are  a  common  place  for  metastatic  neoplasms,  ie, 
those  originating  in  the  thyroid,  salivary  gland,  and  kidney. 
Therefore,  careful  clinical  and  pathologic  correlations  must  be 
undertaken  to  code  a  tumor  as  of  lung  origin. 

It  is  interesting  that  although  these  oncocytic  features 
are  well  recognized,  they  have  been  rarely  mentioned  or 


■Image  61  Oncocytic  adenocarcinoma  with  a 
bronchioloalveolar  pattern  (H&E,  xIO). 


■Image  71  Oncocytic  adenocarcinoma  showing  necrosis.  Note 
the  adjacent  oncocytic  cellular  proliferation  (H&E,  x20). 


ITable  31 

Immimohistochemical  Analysis  of  14  Primary  Oncocytic  Lung 
Adenocarcinomas 


Antibody 

No.  (%)  Positive 

Cytokeratin  7 

14  (100) 

Cytokeratin  20 

2  (14) 

Thyroid  transcription  factor-1 

14  (100) 

Thyroglobulin 

0(0) 

Antimitochondrial 

Negative 

0(0) 

Intensity  1 

1  (7) 

Intensity  2 

4  (29) 

Intensity  3 

9  (64) 

DC-LAMP 

4  (29) 

PE-10  (surfactant  protein  A  clone) 

5  (36) 

DC-LAMP,  dendritic  cell  lysosome-associated  membrane  protein. 
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■Image  81  A,  Immunostain  showing  positive  nuclear  staining  (thyroid  transcription  factor-1,  x  1 0).  B,  Immunostain  showing 
strong  cytoplasmic  staining  (mitochondrial  antibody,  xIO). 


■Table  41 

Mutation  Analysis  of  EGFR  and  KRAS  in  Primary  Oncocytic 
Lung  Adenocarcinomas 


Gene/Exon/Codon 

No.  (%) 

EGFR  (n  =  15) 

Mutated 

3  (20) 

19/746-750  (15-base-pair  deletion) 

2  (13) 

21/858  (CTG  to  CGG) 

1  (7) 

Wild  type 

12  (80) 

KRAS  (n  =  16) 

Mutated 

3  (19) 

1/12  (GGT  to  GTT) 

2  (13) 

2/61  (CAAtoCTA) 

1  (6) 

Wild  type 

13  (81) 

addressed  in  the  literature  as  a  specific  clinicopathologic 
entity.  We  have  been  able  to  document  16  such  cases  that,  in 
our  experience,  represent  approximately  3%  of  all  primary 
adenocarcinomas  of  the  lung.  Similar  to  what  occurs  in  other 
oncocytic  neoplasms,  the  cells  of  oncocytic  adenocarcinomas 
of  the  lung  also  are  filled  with  mitochondria.  However,  the 
mitochondrial  amount  in  cells  varies  from  type  to  type  and 
under  different  physiologic  conditions  in  the  same  type  of 
cells.  Also,  the  occurrence  of  these  oncocytic  changes  has 
been  stated  to  be  secondary  to  cell  aging,  degenerative  pro¬ 
cess,  and  inflammation.22’23 

In  addition,  the  role  of  mitochondria  in  neoplasms  is  not 
clear,  but  it  is  has  been  proposed  that  an  increase  in  number  is 
secondary  to  a  compensatory  mechanism  caused  by  defective 
organelles  as  a  consequence  of  alteration  in  the  mitochondrial 


■Image  91  Mutation  analysis  of  EGFR  and  KRAS.  A,  EGFR  15-base-pair  deletion  in  exon  19,  codon  746-750.  B,  KRAS  point 
mutation,  GGT  to  GTT  (glycine  to  valine)  in  exon  1 ,  codon  1 2. 
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DNA  or  in  the  DNA  encoding  for  mitochondrial  proteins.24 
Mitochondria  can  accumulate  only  in  tumor  cells  that  are  not 
actively  dividing,  thus,  the  rationale  for  labeling  oncocytic 
tumors  as  having  low  malignant  potential.25’26 

One  other  explanation  for  the  oncocytic  changes  in  a 
given  tumor  may  be  related  to  radiation  and/or  chemotherapy 
because  those  procedures  may  increase  the  number  of  mito¬ 
chondria  in  cells.27  The  presence  of  an  oncocytic  growth  pat¬ 
tern  in  pulmonary  adenocarcinomas  is  clearly  not  a  product  of 
radiation  or  chemotherapy,  because  none  of  our  patients  was 
treated  before  surgical  excision  of  the  tumor  was  performed. 
In  addition,  we  do  not  consider  oncocytic  adenocarcinoma  of 
the  lung  as  a  low-malignant-potential  neoplasm  because  in 
some  of  our  cases,  the  patients  died  as  a  consequence  of  their 
tumor.  We  further  stress  that  the  behavior  of  these  tumors  is 
more  closely  linked  to  the  clinical  and  pathologic  staging  of 
the  tumor  at  the  time  of  diagnosis. 

One  interesting  feature  that  we  observed  was  that  onco¬ 
cytic  changes  in  adenocarcinomas  of  the  lung  were  more 
likely  to  occur  in  tumors  smaller  than  5  cm  in  diameter,  rather 
than  in  larger  tumors.  Even  though  we  investigated  the  pos¬ 
sibility  of  pneumocyte  type  II  and/or  Clara  cell  origin  in  these 
tumors,  immunohistochemical  studies  did  not  show  strong 
evidence  of  that  possibility  because  only  a  minority  of  cases 
showed  positive  staining,  and  in  most  of  the  cases,  the  positiv¬ 
ity  was  only  focal  and  weak.  Our  study  also  showed  that  the 
molecular  results  in  these  cases  closely  mirror  those  in  the 
general  population  and  that  the  finding  of  oncocytic  changes 
is  not  by  any  means  a  feature  that  can  be  correlated  with  spe¬ 
cific  molecular  mutations. 

More  important,  we  consider  that  the  different  growth 
pattern  observed  in  oncocytic  adenocarcinomas  of  the  lung 
may  be  mimicked  by  metastatic  tumors  to  the  lung,  and,  as 
such,  the  differential  diagnosis  of  these  tumors  should  include 
metastasis  from  thyroid,  salivary  gland,  and  renal  tumors. 
In  this  setting,  the  use  of  immunohistochemical  studies,  ie, 
cytokeratin  7  and  TTF-1,  should  be  of  great  aid  because 
oncocytic  adenocarcinomas  of  the  lung,  as  evidenced  by  our 
experience,  would  express  positive  staining  for  those  mark¬ 
ers.  Nevertheless,  in  cases  in  which  there  is  a  history  of  a 
neoplasm  of  any  of  those  organ  systems  (kidney,  thyroid, 
or  salivary  gland),  a  complete  panel  of  immunohistochemi¬ 
cal  studies  needs  to  be  undertaken  before  labeling  a  case  as 
metastatic  disease. 

In  addition,  other  primary  tumors  of  the  lung  should  also 
be  considered  in  the  differential  diagnosis,  including  prima¬ 
ry  paraganglioma,  oncocytic  neuroendocrine  carcinoma,  and 
the  oncocytic  variant  of  acinic  cell  carcinoma  of  the  lung. 
In  the  first  2  tumoral  conditions,  the  use  of  neuroendocrine 
markers,  essentially  chromogranin,  synaptophysin,  and/ 
or  CD56,  should  aid  in  leading  toward  a  more  appropriate 
interpretation  because  paraganglioma  and  neuroendocrine 


carcinoma  would  express  positive  staining  for  neuroendo¬ 
crine  markers.  On  the  other  hand,  the  oncocytic  variant  of 
acinic  cell  carcinoma  may  be  more  problematic  because 
acinic  cell  carcinoma  not  only  may  show  an  acinar  growth 
pattern  but  also  may  show  positive  staining  for  cytokeratin 
and  TTF-1.  However,  in  cases  of  acinic  cell  carcinoma, 
the  tumor  may  also  show  more  conventional  areas,  which 
on  histochemical  stains  for  periodic  acid-Schiff  will  show 
extensive  deposition  of  intracellular  glycogen. 

Primary  oncocytoma  of  the  lung  may  pose  a  much  more 
difficult  problem  in  separating  it  from  oncocytic  adenocar¬ 
cinoma.  However,  the  presence  of  mixed  patterns  of  growth 
such  as  acinar,  papillary,  and/or  solid  patterns  in  the  same 
tumor  would  be  unusual  for  oncocytoma.  In  addition,  in  our 
cases,  we  were  able  to  observe  that  many  cases  also  showed 
a  bronchioloalveolar  growth  pattern,  which  would  be  unusual 
in  primary  oncocytomas  of  the  lung.  Needless  to  say,  primary 
oncocytomas  of  the  lung  are  exceedingly  rare  and  have  been 
reported  only  in  rare  instances.19’20 

The  cases  herein  presented  are,  in  our  experience,  an 
unusual  growth  pattern  of  primary  adenocarcinoma  of  the 
lung.  The  recognition  of  the  oncocytic  variant  of  adeno¬ 
carcinoma  of  the  lung  is  important  to  avoid  confusion  with 
metastatic  neoplasms  to  the  lung  and  other  primary  lung 
neoplasms.  These  adenocarcinomas,  just  like  other  types,  may 
show  similar  immunohistochemical  features  and  molecular 
mutations.  Recognition  is  important  to  properly  classify  these 
tumors  and  for  the  proper  treatment  of  the  patients. 
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The  goals  of  chemoprevention  of  cancer  are  to  inhibit 
the  initiation  or  suppress  the  promotion  and  progression 
of  preneoplastic  lesions  to  invasive  cancer  through  the 
use  specific  natural  or  synthetic  agents.  Therefore,  a 
more  desirable  and  aggressive  approach  is  to  eliminate 
aberrant  clones  by  inducing  apoptosis  rather  than 
merely  slowing  down  their  proliferation.  The  increased 
understanding  of  apoptosis  pathways  has  directed 
attention  to  components  of  these  pathways  as  potential 
targets  not  only  for  chemotherapeutic  but  also  for 
chemopreventive  agents.  Activation  of  death  receptors 
triggers  an  extrinsic  apoptotic  pathway,  which  plays  a 
critical  role  in  tumor  immunosurveillance.  An  increasing 
number  of  previously  identified  chemopreventive  agents 
were  found  to  induce  apoptosis  in  a  variety  of  premalig- 
nant  and  malignant  cell  types  in  vitro  and  in  a  few  animal 
models  in  vivo.  Some  chemopreventive  agents  such  as 
non-steroidal  anti-inflammatory  drugs,  tritepenoids,  and 
retinoids  increase  the  expression  of  death  receptors. 
Thus,  understanding  the  modulation  of  death  receptors 
by  chemopreventive  agents  and  their  implications  in 
chemoprevention  may  provide  a  rational  approach  for 
using  such  agents  alone  or  in  combination  with  other 
agents  to  enhance  death  receptor-mediated  apoptosis 
as  a  strategy  for  effective  chemoprevention  of  cancer. 

Keywords:  apoptosis;  chemoprevention;  chemopreventive 
agents;  death  receptors. 


Introduction 

Epithelial  carcinogenesis  is  a  multi-year  (sometime 
decade-long)  process  of  clonal  selection  and  evolution 
of  genetically  damaged  cells,  leading  to  the  abnormal 
precancer  phenotype  that  eventually  becomes  invasive 
cancer.1  Therefore,  carcinogenesis  is  a  chronic  disease  pro¬ 
cess.  This  nature  of  carcinogenesis  provides  a  strong  ratio¬ 
nale  for  cancer  intervention  or  prevention  as  an  attractive 
strategy  to  control  cancer  incidence  and  mortality.  If  such 
a  process  is  arrested,  delayed,  or  reversed,  cancer  incidence 
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may  be  markedly  reduced,  eventually  leading  to  a  de¬ 
cline  in  cancer  mortality  rates.  Such  an  approach  is  called 
chemoprevention,  which  is  defined  as  the  use  of  pharma¬ 
cological  or  natural  agents  to  inhibit  the  development 
of  invasive  cancer  either  by  blocking  the  DNA  damage 
that  initiates  carcinogenesis  or  by  arresting  or  reversing 
the  progression  of  premalignant  cells  in  which  such  dam¬ 
age  has  already  occurred.2,3  Several  thousand  agents  have 
been  reported  to  have  chemopreventive  activity.4  Some 
of  the  promising  agents  and  agent  combinations  have 
been  evaluated  clinically  for  chemoprevention  of  major 
cancer  types  for  the  past  few  decades.2  Clinical  practice 
of  chemoprevention  has  shown  some  success  in  reversing 
premalignant  lesions,  reducing  the  risk  of  developing  sec¬ 
ond  primary  tumors,  and  decreasing  cancer  incidence.4,5 
Thus,  chemoprevention  has  emerged  as  an  integral  part 
of  cancer  control. 

Apoptosis  or  programmed  cell  death  is  a  genetically 
controlled  mechanism  essential  for  the  maintenance  of 
tissue  homeostasis,  proper  development,  and  the  elimi¬ 
nation  of  unwanted  cells.  Thus,  it  represents  a  universal 
and  exquisitely  efficient  endogenous  or  induced  cellular 
suicide  pathway  and  can  be  induced  in  many  cell  types 
via  numerous  physiological,  biochemical  and/or  noxious 
stimuli.6,7  Because  defects  in  apoptotic  pathways  or  the 
inhibition  of  apoptosis  play  important  roles  in  cancer  de¬ 
velopment  or  carcinogenesis,8  targeting  the  induction  of 
apoptosis  in  premalignant  or  malignant  lesions  may  se¬ 
lectively  eliminate  aberrant  precancerous  clones  or  cancer 
cells  while  sparing  normal  cells.  Therefore,  the  induction 
of  apoptosis  should  be  efficient  not  only  for  chemother¬ 
apy  but  also  for  chemoprevention.  In  comparison  with 
other  strategies  that  merely  slow  down  proliferation,  the 
induction  of  apoptosis  appears  to  be  a  more  desirable  and 
aggressive  chemopreventive  approach  to  eliminate  aber¬ 
rant  clones  (reviewed  in9). 

Death  receptors  are  key  components  in  the  extrinsic 
apoptotic  pathway.10  Their  activation  due  to  ligand  bind¬ 
ing  or  increased  expression  triggers  an  extrinsic  apoptotic 
signaling  pathway  leading  to  apoptosis.  The  expression 
of  death  receptors  is  inducible  by  many  small  molecules 
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including  some  chemopreventive  agents.  This  review  ar¬ 
ticle  will  highlight  the  recent  studies  on  the  modulation 
of  death  receptors  by  chemopreventive  agents  and  discuss 
their  implications  in  chemoprevention. 

Death  receptor-mediated  apoptotic  pathway 

There  are  generally  two  major  apoptotic  pathways:  the 
first  involves  signals  transduced  through  death  receptors; 
the  second  relies  on  a  signal  from  mitochondria.  Both 
pathways  are  involved  in  a  concerted  activation  of  a  set 
of  cysteine  proteases  called  caspases,  which  in  turn  cleave 
cellular  substrates  and  result  in  the  characteristic  morpho¬ 
logical  and  biochemical  changes  constituting  the  process 
of  apoptosis  (reviewed  in11,12)  (Figure  1). 

Death  receptors,  including  tumor  necrosis  factor  (TNF) 
receptor  (TNFR),  Fas  (CD95  or  APO-1),  DR3,  DR4 
(TRAIL-R1),  DR3  (TRAIL-R2)  and  DR6,  belong  to 
the  TNF  receptor  gene  superfamily.  They  are  defined 
by  similar,  cysteine-rich  extracellular  domains  and  ad¬ 
ditional  cytoplasmic  death  domains  (reviewed  in10).  The 
death  domain  is  crucial  for  transmitting  the  death  signal 
from  the  cell  surface  to  intracellular  signaling  pathways. 
Upon  ligand  binding  or  overexpression,  death  receptors 
such  as  Fas  are  clustered  to  form  a  trimer  in  the  cell 
membrane,  which  results  in  recruitment  of  adaptor  pro¬ 
teins  such  as  Fas-associated  death  domain  (FADD)  via 
death  domain  interactions.  The  FADD  protein,  contain¬ 
ing  both  a  death  domain  and  an  additional  protein  in¬ 
teraction  domain  called  a  death  effector  domain  (DED), 
further  binds  via  DED  interactions  to  caspase-8,  and  pos¬ 
sibly  caspase-10,  resulting  in  the  recruitment  and  au¬ 
toactivation  of  caspase-8.  This  process  is  referred  to  as 
the  formation  of  the  death-inducing  signaling  complex 
(DISC),  an  essential  step  in  the  activation  of  the  extrin¬ 
sic  apoptotic  pathway.  The  activated  caspase-8  then  acts 
to  cleave  and  activate  downstream  effector  caspases  such 
as  caspase-3. 10-12  In  addition  to  directly  activating  the 
downstream  effector  caspases,  death  receptors  also  indi¬ 
rectly  activate  them  through  Bid-mediated  cytochrome  C 
release  and  subsequent  caspase-9  activation  because  Bid 
is  a  substrate  of  caspase-8  and  can  be  cleaved  or  activated 
by  caspase-8.10-12  Thus,  Bid,  a  BH3-only  protein  of  the 
bcl-2  family,  provides  a  link  and  an  integration  between 
the  extrinsic  death  receptor  and  intrinsic  mitochondrial 
apoptotic  pathways. 

Although  TNFR  and  Fas  have  been  extensively 
studied,  DR4  and  DR5  recently  have  attracted  con¬ 
siderable  attention  since  their  ligand  TNF-related 
apoptosis-inducing  ligand  (TRAIL)  has  been  shown  to 
predominantly  induce  apoptosis  of  cancer  cells,  while 
sparing  normal  cells,  showing  a  great  potential  in  cancer 
therapy  (reviewed  in13-15).  Like  Fas,  both  DR4  and 
DR5  primarily  act  as  inducers  of  apoptosis,  distin- 


Figure  1.  Schema  for  basic  apoptotic  signaling  pathways.  Lig¬ 
ation  of  death  ligands  ( e.g .  FasL  or  TRAIL)  with  their  receptors 
( e.g .  Fas  or  DR4  and  DR5)  results  in  activation  of  caspase-8 
(Casp-8)  through  a  death  adaptor  protein  FADD.  Certain  stress 
signals  (e.g.  DNA  damage)  can  target  mitochondria  and  induce 
cytochrome  C  (Cyt.  C)  release  from  mitochondria  into  cytosol 
leading  to  caspase-9  (Casp-9)  activation  via  binding  to  Apaf-1. 
Both  caspase-8  and  caspase-9  activate  downstream  caspase-3 
(Casp-3),  caspase-6  (Casp-6)  and  caspase-7  (Casp-7)  leading 
to  cleavages  of  their  target  proteins  such  as  PARP,  DFF45  and 
lamins.  In  addition,  truncated  Bid  (tBid),  activated  by  caspase-8 
via  cleavage,  facilitates  insertion  of  BAX  into  mitochondrial  mem¬ 
brane  leading  to  Cyt.  C  release.  Therefore,  tBid  may  serve  as  a 
link  between  death  receptor-  and  mitochondria-mediated  apop¬ 
totic  pathways.  Inhibitors  of  apoptosis  proteins  (lAPs)  can  bind 
to  activated  Casp-9  and  prevent  its  action  on  effector  caspases 
(e.g.  Casp-3),  whereas  Smac  binds  to  IPAs,  leaving  Casp-9  free 
to  activate  Casp-3. 


Death  ligand 
(e.g.  FasL  or  TRAIL) 


guishing  them  from  TNFR,  which  mainly  activates  the 
non-apoptotic  gene-inducing  functions  such  as  NF-/cB 
and  JNK  activation.10  Currently,  DR4  and  DR5  are 
important  targets  for  cancer  therapy  (reviewed  in13,16,17). 


Death  receptors,  tumor  immunosurveillance, 
and  carcinogenesis 

Cancer  can  be  considered  a  cell  clonal  expansion  disease. 
The  process  of  clonal  expansion  involves  genetic  instabil¬ 
ity,  which  may  result  in  some  clones  becoming  predomi¬ 
nant  and  tumorigenic.  The  growth  advantage  of  aberrant 
cells  or  clones  results  from  uncontrolled  proliferation  and 
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a  loss  of  the  ability  to  undergo  differentiation  and  apop¬ 
tosis.  Very  importantly,  the  aberrant  cells  or  clones  must 
build  up  immunosuppressive  barriers  to  withstand  or 
overcome  host  immune  defense  or  surveillance  mecha¬ 
nism  (reviewed  in18,19). 

Immune  surveillance  against  tumors  is  mediated 
by  both  innate  and  adaptive  components  of  cellular 
immunity.20  The  most  crucial  guardians  seem  to  be  nat¬ 
ural  killer  (NK)  cells  (innate  immunity)  and  cytotoxic 
T-cells  (CTLs)  (adaptive  immunity).  One  of  the  mech¬ 
anisms  by  which  activated  NK  cells  or  CTLs  destroy 
malignant  (or  virus-infected)  cells  is  mediated  through 
membra-bound  variants  of  the  death  ligands  CD95L  and 
TRAIL,  which  induce  apoptosis  in  the  target  cells  via  ac¬ 
tivation  of  their  corresponding  death  receptors  (reviewed 
ini5, 17, 19,20).  This  process  can  be  further  enhanced  by 
interferon  y  produced  by  activated  NK-  and  T  cells 
by  sensitizing  for  death  receptor-induced  apoptosis  and 
by  up  regulation  of  TRAIL.21  Thus,  the  expression  of 
death  receptors  (e.g.,  Fas  or  DR4  and  DR5)  in  prema- 
lignant  and  malignant  cells  is  a  prerequisite  for  immune 
cells  to  recognize  and  eliminate  premalignant  and  ma¬ 
lignant  cells  through  death  ligand  and  death  receptor 
interaction. 

Accordingly,  it  is  understandable  that  one  effective 
way  for  premalignant  and  malignant  cells  to  escape  im- 
munosurveillance  is  to  downregulate  or  inactivate  death 
receptors  on  their  membrane  surface.  Mutation  analyses 
of  the  Fas  gene  have  demonstrated  that  Fas  mutation  oc¬ 
curs  in  0-65%  of  hematopoietic  malignancies  and  0-28% 
of  solid  tumors.  Among  the  hematopoietic  malignancies, 
high  frequencies  of  Fas  mutations  occur  in  thyroid  lym¬ 
phoma  (65.4%),  cutaneous  T-cell  lymphoma  (59%),  and 
nasal  NK/T  cell  lymphoma  (50%).  Among  solid  tumors, 
Fas  mutations  occurs  frequently  in  bladder  transitional 
cell  carcinoma  (28%)  and  burn  scar-related  squamous  cell 
carcinoma  (14. 3%)  (reviewed  in22).  Compared  to  Fas,  mu¬ 
tation  analyses  of  DR4  and  DR  5  have  been  performed  less 
widely  in  human  cancers.  In  general,  the  frequencies  of 
DR4  and  DR5  mutations  in  detected  cancers  are  low 
(0-10.6%)  (reviewed  in22). 

In  addition  to  mutations,  downregulation  of  death  re¬ 
ceptor  expression  has  also  been  documented.  Decreased 
expression  of  Fas  was  observed  in  hepatomas  compared 
to  normal  hepatocytes.23  Analysis  of  clinical  cancer  tis¬ 
sues  in  normal  cervical  samples  and  different  grades  of 
cervical  intraepithelial  neoplasia  (CIN)  samples  revealed 
that  the  frequency  of  Fas-positive  staining  decreased  with 
the  increasing  severity  of  CIN.24  Analysis  of  small  cell 
lung  cancer  (SCLC)  tumors  revealed  reduced  levels  of  Fas 
and  DR4  mRNA  compared  to  non-small  cell  lung  can¬ 
cer  (NSCLC)  tumors.25,26  The  downregulation  of  Fas  and 
DR4  expression  was  likely  the  consequence  of  methyla- 
tion  of  their  gene  promoters.25  Although  methylation  of 
DR4  and  DR 5  are  generally  rare  in  many  cancer  types,27 


a  recent  study  identified  a  high  frequency  of  DR4  methy¬ 
lation  (41%)  in  sporadic  phaeochromocytomas.28 

Rather  than  downregulate  death  receptors,  tumor  cells 
sometimes  overexpress  decoy  receptors  (DcRs),  which  lack 
a  functional  intracellular  death  domain  and  thereby  com¬ 
pete  with  death  receptors  for  death  ligands  to  antagonize 
apoptosis  mediated  by  the  binding  of  death  ligands  and 
death  receptors.10  The  gene  coding  for  DcR3,  a  secreted 
protein  that  binds  FasL,  is  amplified  in  about  50%  of  lung 
and  colon  cancers.20  In  addition,  DcR3  is  overexpressed  in 
carcinomas  of  the  stomach,  esophagus  and  rectum  inde¬ 
pendently  of  gene  amplification.30  Cells  that  overexpress 
DcR3  presumably  have  a  survival  advantage  because  of 
their  ability  to  resist  FasL-mediated  attack  by  cytotoxic 
lymphocytes,  although  the  role  of  DcR3  in  tumorigenesis 
remains  unclarified.  Although  DcRl  and  DcR2  are  gen¬ 
erally  downregulated  in  many  types  of  cancer,27  one  study 
showed  that  DcRl  expression  was  enhanced  in  primary 
tumors  of  the  gastrointestinal  tract.31  It  is  possible  that 
DcR  overexpressing  tumors  may  gain  a  selective  growth 
advantage  by  escaping  from  death  ligand/death  receptor- 
induced  apoptosis. 

Signaling  through  death  receptors  can  also  be  nega¬ 
tively  regulated  by  proteins  such  as  FLIP  that  prevent  in¬ 
teraction  between  FADD  and  caspase-8. 11,12  High  FLIP 
expression  existing  in  many  tumor  cells  has  been  cor¬ 
related  with  resistance  to  death  ligand/death  receptor- 
induced  apoptosis  (reviewed  in32,33).  In  addition,  FLIP 
expression  was  associated  with  tumor  escape  from  T-cell 
immunity  and  enhanced  tumor  progression  in  experimen¬ 
tal  studies  in  vivo  (reviewed  in34). 


Modulation  of  death  receptors 
by  chemopreventive  agents 

Many  studies  have  demonstrated  that  the  expression  of 
death  receptors,  including  Fas,  DR4  and  DR5,  is  in¬ 
ducible  by  many  small  molecules,  particularly  chemother¬ 
apeutic  agents.  Increased  evidence  indicates  that  ac¬ 
tivation  of  death  receptors  positively  impacts  cancer 
chemotherapy  (reviewed  in16).  An  increased  number  of  re¬ 
cent  studies  also  show  that  some  chemopreventive  agents 
such  as  non-steroidal  anti-inflammatory  drugs  (NSAIDS), 
retinoids  and  tritepenoids,  induce  death  receptor  expres¬ 
sion  and  enhance  death  ligand-induced  apoptosis  as  well. 

NSAIDS.  Sulindac  sulfide  is  one  of  the  major  metabolites 
of  sulindac  that  is  believed  to  mediate  its  antitumorigenic 
effects  by  inducing  apoptosis.  Sulindac  sulfide  specifically 
upregulates  DR5  and  activates  the  proximal  caspase-8  in 
various  colon  and  prostate  cancer  cell  lines.  Overexpres¬ 
sion  of  a  dominant-negative  FADD  (FADD-DN)  sup¬ 
presses  sulindac  sulfide-induced  apoptosis  and  combina¬ 
tion  of  sulindac  sulfide  with  TRAIL  exhibits  an  enhanced 
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apoptosis-inducing  effect,  suggesting  the  involvement  of 
DR5  in  sulindac  sulfide-induced  apoptosis.35  Induction 
of  DR5  by  sulindac  sulfide  in  gastric  cancer  cells  was 
also  reported  recently.  In  this  study,  DR4  expression  was 
also  induced  by  sulindac  sulfide.36  Related  to  these  find¬ 
ings,  indomethacin  and  sulindac  sulfide  were  reported  to 
induce  apoptosis  of  human  leukemic  Jurkat  cells  by  a 
mechanism  that  requires  the  FADD-mediated  activation 
of  a  caspase-8-dependent  pathway,37  implying  the  impor¬ 
tance  of  a  death  receptor-mediated  apoptotic  pathway  in 
their  actions. 

Celecoxib  is  another  apoptosis-inducing  NSAID  with 
cyclooxygenase-2  (COX-2)  activity  and  has  been  ap¬ 
proved  by  the  U.S.  Food  and  Drug  Administration  (FDA) 
for  the  chemoprevention  of  colon  cancer  (i.  e. ,  treatment 
of  familial  adenomatous  polyposis,  an  inherited  syndrome 
that  predisposes  individuals  to  colon  cancer).  Our  recent 
work  found  that  celecoxib  increased  the  expression  of 
DR4  and  particularly  DR5  at  both  mRNA  and  protein 
levels  in  human  lung  cancer  cells.  This  effect  appears  to 
be  independent  of  its  COX-2  inhibitory  activity  and  oc¬ 
curs  at  the  transcriptional  level.  Both  overexpression  of 
FADD-DN  and  silencing  of  DR5  expression  using  small 
interfering  RNA  (siRNA)  attenuated  celecoxib-induced 
apoptosis.  Moreover,  celecoxib  cooperated  with  TRAIL  to 
augment  the  induction  of  apoptosis.  These  results  indi¬ 
cate  that  the  expression  of  death  receptors,  particularly 
DR5,  contributes  to  celecoxib-induced  apoptosis.38 

Retinoids.  Retinoids  refer  to  an  entire  group  of  natural  and 
synthetic  retinol  (vitamin  A)  metabolites  and  analogues 
and  have  long  been  considered  promising  chemopreven- 
tive  agents.39  The  synthetic  retinoid  CD437  potently  in¬ 
duces  apoptosis  in  a  variety  of  human  cancer  cells.  Our 
studies  showed  that  CD437  induced  Fas,  DR4  and  DR5 
expression  primarily  in  lung  cancer  cell  lines  with  wild- 
type  p5  3. 40-43  The  induction  of  these  death  receptors 
correlated  with  their  potencies  in  inducing  apoptosis  in 
these  cell  lines.40-42  Inactivation  of  p53  using  HPV16 
E6  abrogated  CD437’s  ability  to  up  regulate  the  expres¬ 
sion  of  Fas,  DR4,  and  DR5. 41-43  Thus,  it  appears  that 
CD437  induces  the  expression  of  death  receptors  via  a 
p5  3-dependent  mechanism,  at  least  in  human  lung  cancer 
cells.  Fas  and  DR5  are  known  to  be  p53  target  genes.44,45 

Our  recent  work  has  demonstrated  that  DR4  is  also  a  p53 

46 

target  gene. 

Due  to  the  above  findings,  we  also  determined  whether 
CD437  induced  the  expression  of  death  receptors  and 
apoptosis  in  normal  human  lung  epithelial  cells,  which 
possess  wild-type  p53.  Significantly,  CD437  did  not  in¬ 
duce  the  expression  of  Fas,  DR4,  and  DR5,  and  apoptosis 
in  both  normal  human  bronchial  epithelial  (NHBE)  cells 
and  small  airway  epithelial  cells.47  The  failure  of  CD437 
to  induce  death  receptor  expression  and  apoptosis  in  nor¬ 


mal  lung  epithelial  cells  may  be  related  to  its  inability  to 
increase  or  stabilize  p53  protein  in  these  cells.47 

Although  CD437  induces  a  p5  3-dependent  expression 
of  death  receptors  in  human  lung  cancer  cells,  our  studies 
showed  that  p53  was  not  important  for  the  upregulation 
of  death  receptors  by  CD437  in  human  prostate  or  head 
and  neck  cancer  cells  because  CD437  induced  the  expres¬ 
sion  of  death  receptors  regardless  of  p53  status  in  these 
cell  lines.48,49  Thus,  it  appears  that  CD437  induces  a p5  3- 
dependent  and/or  -independent  death  receptor  expression 
depending  on  cell  types  or  even  cell  lines.  Currently,  it  re¬ 
mains  unclear  how  CD437  up  regulates  the  expression  of 
death  receptors  through  p5  3 -independent  mechanism(s) 
(reviewed  in43). 

It  is  generally  thought  that  nuclear  retinoid  receptors 
mediate  the  major  biological  effects  of  retinoids.39  To 
determine  whether  nuclear  retinoid  receptors  play  any 
role  in  mediating  the  upregulation  of  death  receptors  by 
CD437,  we  examined  the  effect  of  CD437  on  the  ex¬ 
pression  of  death  receptors  in  the  presence  of  the  pan 
RAR-specific  antagonist  AGN193109.  We  found  that 
AGN193109  failed  to  block  or  suppress  Fas,  DR4,  or 
DR5  induction  by  CD437,  indicating  that  CD437  in¬ 
duces  death  receptor  expression  independent  of  nuclear 
retinoid  receptors  (42,  our  unpublished  data).  This  con¬ 
clusion  is  further  supported  by  the  determination  that 
other  receptor-selective  retinoids,  except  for  those  having 
similar  parent  structures  to  CD437,  failed  to  induce  the 
expression  of  death  receptors  (42,  our  unpublished  data). 

N-(4-hydroxyphenyl)  retinamide  (4HPR;  fenretinide), 
another  synthetic  retinoid  that  induces  apoptosis  in  vari¬ 
ous  types  of  cancer  cells,  has  been  evaluated  in  numerous 
clinical  trials  for  its  chemopreventive  activity.  A  recent 
study  has  shown  that  4HPR  induced  DR5  expression  in 
primary  meningioma  cultures.50  Another  study  did  not 
find  that  4HPR  modulated  the  expression  of  DR4  or 
DR5 .  However,  4HPR  enhanced  TRAIL-mediated  apop¬ 
tosis  in  ovarian  cancer  cell  lines  but  not  in  immortalized 
non-tumorigenic  ovarian  epithelial  cells.51 

Triterpenoids.  Triterpenoids  are  another  group  of  nat¬ 
ural  and  synthetic  compounds  with  chemopreventive 
potentials.52  The  natural  triterpenoids  betulinic  acid 
and  boswellic  acid  were  reported  to  induce  DR 5  ex¬ 
pression  in  melanoma,  glioblastoma,  and  leukemia  cells, 
respectively.53,54  Our  recent  study  has  shown  that  the 
synthetic  triterpenoid  methyl-2 -cyano- 3,12 -dioxooleana- 
l,9-dien-28-oate  (CDDO-Me)  increased  the  expression 
of  DR4  and  particularly  DR5,  and  enhanced  TRAIL- 
induced  apoptosis  in  human  lung  cancer  cells.  Silenc¬ 
ing  of  DR5  expression  using  siRNA  inhibited  both 
CDDO-Me-induced  apoptosis  and  CDDO-Me-mediated 
enhancement  of  TRAIL-induced  apoptosis,  indicating  the 
involvement  of  DR5  in  both  activities.55  Induction  of 
DR5  by  betulinic  acid  and  CDDO-Me  is  independent 
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of  p53. 53,55  We  found  that  CDDO-Me  rapidly  acti¬ 
vated  c-Jun  NH2 -terminal  kinase  (JNK)  before  DR5 
up-regulation.  Moreover,  application  of  the  JNK-specific 
inhibitor  SP600125  blocked  CDDO-Me-induced  DR5 
upregulation.  These  results  indicate  that  CDDO-Me  in¬ 
duces  a  JNK-dependent  DR5  upregulation.55 

Polyphenols.  Resveratrol ,  a  polyphenol  found  in  grape  skin 
and  various  other  food  products,  exhibits  cancer  chemo¬ 
preventive  activity  in  animal  models  of  carcinogensis, 
likely  through  its  ability  to  trigger  apoptosis.56  Stud¬ 
ies  in  a  human  colon  cancer  cell  line  show  that  resvera¬ 
trol  does  not  modulate  the  expression  of  Fas,  DR4,  and 
DR5  at  the  surface  of  cancer  cells.  However,  it  induces 
the  clustering  of  these  death  receptors  and  their  redis¬ 
tribution  in  cholesterol  and  sphingolipid-rich  fractions 
(lipid  rafts)  of  cancer  cells,  together  with  FADD  and 
procaspase-8.  These  redistributions  are  associated  with 
the  formation  of  a  DISC  and  contribute  to  the  induction 
of  apoptosis  and  sensitization  of  cells  to  death  ligand- 
or  death  receptor  activation-mediated  apoptosis.57,58 
(-)-Epigallocatechin-3-gallate  (EGCG),  a  polyphenolic 
compound  found  in  green  tea,  was  reported  to  increase  Fas 
protein  levels  in  Hep  G2  human  liver  cancer.59  Another 
study  reported  that  EGCG  also  bond  to  cell  surface  Fas, 
triggering  Fas-mediated  apoptosis  in  human  monocytic 
leukemia  U937  cells.60 

Vitamin  E  and  its  derivatives.  Vitamin  E  (o' -tocopherol)  is 
a  dietary  antioxidant  with  chemopreventive  activity.  Vi¬ 
tamin  E  succinate  was  reported  to  increase  not  only  total 
protein  levels  of  Fas  but  also  cell  surface  levels  of  Fas  in 
human  breast  cancer  cells.61,62  The  upregulation  of  Fas  is 
involved  in  vitamin  E  succinate-induced  apoptosis61  or  as¬ 
sociated  with  the  enhancement  of  Fas-induced  apoptosis62 
in  these  cells.  Increases  in  cell  surface  Fas  and  enhance¬ 
ment  of  Fas-induced  apoptosis  by  vitamin  E  succinate 
were  also  observed  in  human  prostate  cancer  cells.63  A 
recent  study  shows  that  the  semisynthetic  analogue  of  vi¬ 
tamin  E,  Q'-tocopheryl  succinate,  increases  the  expression 
of  both  DR4  and  DR  5  in  human  malignant  mesothelioma 
cells;  this  increased  expression  is  associated  with  its  abil¬ 
ity  to  enhance  TRAIL-induced  apoptosis.64  Currently,  it 
is  unknown  how  vitamin  E  and  its  analogues  upregulate 
the  expression  of  death  receptors. 

Others.  Selenium  is  an  essential  micronutrient  that  is  cur¬ 
rently  being  tested  for  prostate  cancer  chemoprevention. 
A  recent  study  shows  that  selenium-mediated  apopto¬ 
sis  appears  to  involve  a  DR5 -dependent  pathway  in  hu¬ 
man  prostate  cancer  cells.  Selenium  specifically  induced 
DR5  expression,  which  coupled  with  caspase-8  activa¬ 
tion  and  Bid  cleavage.65  Bovine  lactoferrin,  a  multifunc¬ 
tional  glycoprotein,  has  been  shown  to  strongly  inhibit 
the  development  of  azoxymethane-induced  rat  colon  tu¬ 


mors.  Lactoferrin  was  shown  to  enhance  Fas  expression 
in  the  colon  mucosa  during  both  early  and  late  stages 
of  carcinogenesis.  The  elevation  of  Fas  expression  cor¬ 
relates  with  the  activation  of  caspase-8  and  caspase-3, 
suggesting  that  apoptosis  caused  by  elevated  expression 
of  Fas  is  involved  in  chemoprevention  by  lactoferrin  of 
colon  carcinogenesis.66  Curcumin,  an  antioxidant  with 
chemopreventive  and  apoptosis-inducing  activity,  was  re¬ 
ported  to  increase  Fas  expression  and  induce  Fas  cluster¬ 
ing  in  human  melanoma  cells,  leading  to  the  induction  of 
apoptosis.67  Curcumin  also  increased  cell  surface  DR4  and 
augmented  TRAIL-induced  apoptosis  in  prostate  cancer 
cells.68  Interferons  have  been  used  in  some  chemopre¬ 
ventive  trials.  Interferon-y  was  shown  to  induce  DR5 
expression  in  cancer  cell  lines  independent  of  p53.53 
Interferon-Qf  was  also  reported  to  increase  DR5  expres¬ 
sion  in  human  hepatoma  cells;  this  increased  expression 

is  associated  with  its  ability  to  enhance  TRAIL-induced 

•  69 

apoptosis. 

Implication  of  death  receptor  modulation 
in  chemoprevention 

Activation  of  death  receptors  with  either  ligand  binding 
or  receptor  overexpression  triggers  the  extrinsic  apoptotic 
pathway.  Apoptosis  induced  by  the  interaction  between 
death  ligand  (from  NK  cells  or  T  cells)  and  death  receptors 
(from  target  cells)  is  the  primary  mechanism  underlying 
tumor  immunosurveillance  (reviewed  in  19-21 ).  In  death 
ligand-expressing  premalignant  or  malignant  cells,  the 
binding  of  death  ligands  such  as  Fas  ligand  (FasL)  and 
TRAIL  to  an  increased  number  of  death  receptors  due  to 
treatment  with  chemopreventive  agents  may  trigger  the 
apoptotic  signal  leading  to  the  apoptotic  death  of  these 
aberrant  cells.  Moreover,  upregulation  of  death  receptors 
in  premalignant  and  malignant  cells  may  cause  these  cells 
to  become  more  susceptible  targets  for  immune  cells  (i.  e. , 
NK  and  T  cells)  that  express  and  secrete  death  ligands 
such  as  TRAIL.  In  other  words,  chemopreventive  agents 
with  death  receptor-inducing  activity  can  sensitize  pre¬ 
malignant  and  malignant  cells  to  death  receptor-mediated 
immune  clearance  or  surveillance. 

Some  chemopreventive  agents  have  been  demonstrated 
to  induce  the  expression  of  death  ligands  such  as 
TRAIL.  The  examples  of  the  agents  are  retinoic  acid,70,71 
interferons,71,72  and  PI3  kinase  inhibitors.7"  Therefore,  it 
is  plausible  to  speculate  that  the  combination  of  a  death 
receptor-inducing  chemopreventive  agent  with  a  death 
ligand-inducing  agent  may  enhance  the  killing  or  elimi¬ 
nation  of  premalignant  and  malignant  cells  or  lesions  via 
death  ligand/death  receptor-mediated  apoptosis.  Study¬ 
ing  the  effect  of  this  kind  of  combination  may  develop 
an  effective  and  mechanism-driven  combination  regimen 
for  cancer  chemoprevention. 
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Conclusions  and  perspective 

Chemoprevention  has  emerged  as  an  essential  part  of  can¬ 
cer  control.  Many  chemopreventive  agents  are  thought  to 
act  as  cytostatic  agents.  Therefore,  they  are  traditionally 
suggested  to  be  administered  chronically  to  individuals 
at  increased  risk  to  develop  cancer.  A  more  desirable  and 
aggressive  approach  is  to  use  agents  that  can  eliminate 
aberrant  clones  by  inducing  apoptosis  rather  than  inhibit 
their  proliferation.  Such  agents  could  be  administered  for 
shorter  periods  of  time  and  at  higher  doses.  Short-term 
treatment  would  allow  the  inclusion  of  agents  with  some 
reversible  or  moderate  side  effects  for  the  prevention  of 
premalignant  lesions. 

It  appears  that  apoptosis  is  a  useful  target  for  the  de¬ 
velopment  of  chemopreventive  agents.  Elucidation  of  the 
mechanism  of  chemopreventive  agent-induced  apoptosis 
in  premalignant  or  malignant  cells  clearly  will  be  helpful 
for  developing  new  agents  with  better  activity,  selectiv¬ 
ity  and  less  toxicity.  Some  chemopreventive  agents  with 
apoptosis-inducing  activity  induce  apoptosis  through  an 
intrinsic  mitochondrial  pathway  involving  the  promotion 
of  reactive  oxygen  species  (ROS)  generation  (reviewed 
in9).  Given  that  ROS-induced  oxidative  stress  is  involved 
in  carcinogenesis,  particularly  in  tumor  promotion  (re¬ 
viewed  in74,75),  a  concern  is  whether  this  kind  of  chemo¬ 
preventive  agent  has  a  potential  to  promote  carcinogenesis 
rather  than  prevention  of  cancer.  From  this  point  of  view, 
chemopreventive  agents  with  death  receptor-inducing  ac¬ 
tivity  appear  to  have  the  advantage  over  others  that  induce 
apoptosis  by  promoting  ROS  generation.  Therefore,  fu¬ 
ture  studies  should  focus  on  identifing  and  developing 
chemopreventive  agents  that,  ideally,  can  selectively  in¬ 
duce  the  expression  of  death  receptors  in  preneoplastic  or 
premaligant  cells  or  induce  the  redistribution  and  cluster¬ 
ing  of  death  receptors  on  the  membrane  surface  of  these 
cells. 
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Pre-clinical  studies  have  demonstrated  that  farnesyltrans- 
ferase  inhibitors  (FTIs)  induce  growth  arrest  or  apoptosis  in  var¬ 
ious  human  cancer  cells  independently  of  Ras  mutations.  How¬ 
ever,  the  underlying  mechanism  remains  unknown.  Death 
receptor  5  (DR5)  is  a  pro-apoptotic  protein  involved  in  mediat¬ 
ing  the  extrinsic  apoptotic  pathway.  Its  role  in  FTI-induced  apo¬ 
ptosis  has  not  been  reported.  In  this  study,  we  investigated  the 
modulation  of  DR5  by  the  FTI  lonafarnib  and  the  involvement  of 
DR5  up-regulation  in  FTI-induced  apoptosis.  Lonafarnib  acti¬ 
vated  caspase-8  and  its  downstream  caspases,  whereas  the 
caspase-8-specific  inhibitor  benzyloxycarbonyl-Ile-Glu(me- 
thoxy)-Thr-Asp(methoxy)-fluoromethyl  ketone  or  small  inter¬ 
fering  RNA  abrogated  lonafarnib-induced  apoptosis,  indicating 
that  lonafarnib  induces  caspase-8-dependent  apoptosis.  Lona¬ 
farnib  up-regulated  DR5  expression,  increased  cell-surface  DR5 
distribution,  and  enhanced  tumor  necrosis  factor-related  apo¬ 
ptosis-inducing  ligand-induced  apoptosis.  Overexpression  of  a 
dominant-negative  Fas-associated  death  domain  mutant  or 
silencing  of  DR5  expression  using  small  interfering  RNA  atten¬ 
uated  lonafarnib-induced  apoptosis.  These  results  indicate  a 
critical  role  of  the  DR5-mediated  extrinsic  apoptotic  pathway  in 
lonafarnib-induced  apoptosis.  By  analyzing  the  DR5  promoter, 
we  found  that  lonafarnib  induced  a  CCAAT/enhancer-binding 
protein  homologous  protein  (CHOP)-dependent  transactiva¬ 
tion  of  the  DR5  promoter.  Lonafarnib  increased  CHOP  expres¬ 
sion,  whereas  silencing  of  CHOP  expression  abrogated  lona¬ 
farnib-induced  DR5  expression.  These  results  thus  indicate  that 
lonafarnib  induces  CHOP-dependent  DR5  up-regulation.  We 
conclude  that  CHOP-dependent  DR5  up-regulation  contrib¬ 
utes  to  lonafarnib-induced  apoptosis. 
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cer  Scholar  award  (to  S.-Y.  S.)  and  by  Department  of  Defense  TARGET  Grant 
DAMD  1 7-02-1  -0706  (to  F.  R.  K.  for  Project  6)  and  VITAL  Grant  W81 XWH-04- 

1  -01 42  (to  S.-Y.  S.  for  Project  4).  The  costs  of  publication  of  this  article  were 
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tion  1 734  solely  to  indicate  this  fact. 
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Farnesyltransferase  inhibitors  (FTIs)3  are  a  class  of  agents 
that  suppress  the  farnesyltransferase  enzyme  to  prevent  far- 
nesylation  of  certain  proteins  such  as  the  Ras  oncoprotein  (1, 
2).  These  agents  inhibit  proliferation  and  induce  apoptosis  in 
various  cancer  cell  lines  in  culture  or  suppress  the  growth  of 
xenografts  in  nude  mice  with  limited  toxicity  (1,  2).  In  the 
clinic,  FTIs  are  well  tolerated  and  have  some  positive  out¬ 
comes  in  certain  settings  such  as  hematological  malignan¬ 
cies  and  breast  cancer,  although  the  response  rates  to  FTIs 
alone  are  generally  poor.  When  combined  with  other  thera¬ 
peutic  agents  or  radiotherapy,  FTIs  exhibit  some  encourag¬ 
ing  clinical  responses  (1,  2). 

Lonafarnib  (LNF;  also  called  SCH66336  and  Sarasar),  a  non¬ 
peptide  tricyclic  FTI,  was  one  of  the  first  FTIs  to  undergo  clin¬ 
ical  testing  and  to  exhibit  significant  activity  (3).  In  vitro ,  this 
agent,  either  alone  or  in  combination  with  other  therapeutic 
agents,  inhibits  the  growth  or  induces  apoptosis  of  several  types 
of  human  cancer  cells  (4-12).  In  animal  models,  LNF  demon¬ 
strates  potent  oral  activity  in  a  wide  array  of  human  tumor 
xenograft  models  including  tumors  of  colon,  lung,  pancreas, 
prostate,  and  urinary  bladder  origin  (12).  When  LNF  is  com¬ 
bined  with  other  chemotherapeutic  agents,  enhanced  antitu¬ 
mor  activity  is  observed  (4,  6).  In  a  phase  I  trial  enrolling  indi¬ 
viduals  with  lung  or  aerodigestive  tract  cancer,  a  provocative 
clinical  activity  was  observed  when  LNF  was  combined  with 
paclitaxel  (13).  In  a  recent  phase  II  trial,  LNF  plus  paclitaxel 
achieved  significant  clinical  activity  with  a  favorable  safety  pro¬ 
file  in  patients  with  taxane-refractory/resistant  metastatic  non¬ 
small  cell  lung  cancer  (14),  and  these  results  were  later  sup¬ 
ported  by  pre-clinical  data  in  cell  lines  (15). 

There  are  two  major  apoptotic  pathways:  one  involves  death 
signals  transduced  through  death  receptors  (extrinsic  apopto¬ 
tic  pathway),  and  the  other  relies  on  mitochondrial  signals 
(intrinsic  apoptotic  pathway)  (16).  Both  pathways  are  involved 
in  an  ordered  activation  of  a  set  of  caspases,  which  in  turn  cleave 
cellular  substrates,  leading  to  apoptosis.  The  activation  of 
caspase-8  and  caspase-9  has  been  documented  to  play  a  central 


3  The  abbreviations  used  are:  FTIs,  farnesyltransferase  inhibitors;  LNF,  lona¬ 
farnib;  TRAIL,  tumor  necrosis  factor-related  apoptosis-inducing  ligand; 
DR5,  death  receptor  5;  CHOP,  CCAAT/enhancer-binding  protein  homolo¬ 
gous  protein;  ER,  endoplasmic  reticulum;  OMe,  methoxy;  RasGAP,  Ras 
GTPase-activating  protein;  FADDm,  Fas-associated  death  domain  mutant; 
FBS,  fetal  bovine  serum;  PE,  phycoerythrin;  PIPES,  1,4-piperazinediethane- 
sulfonic  acid;  siRNA,  small  interfering  RNA. 
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role  in  mediating  apoptosis  signaled  by  death  receptors  and  by 
mitochondria,  respectively;  however,  caspase-8  can  activate  the 
caspase-9-mediated  apoptotic  pathway  by  activating  or  cleav¬ 
ing  Bid  protein  (16). 

The  tumor  necrosis  factor-related  apoptosis-inducing  ligand 
(TRAIL)  receptor,  death  receptor  5  (DR5;  also  named  Apo2, 
TRAIL  receptor  2,  TRICK2,  or  I<iller/DR5),  belongs  to  the  tu¬ 
mor  necrosis  factor  receptor  gene  superfamily,  the  members  of 
which  all  share  a  similar  cysteine-rich  extracellular  domain  and 
an  additional  cytoplasmic  death  domain  (17).  DR5  localizes  to 
the  cell  surface,  becomes  activated  or  oligomerized  (trimerized) 
upon  binding  to  its  ligand  TRAIL  or  through  overexpression, 
and  then  signals  an  apoptotic  response  through  caspase-8-me- 
diated  rapid  activation  of  caspase  cascades  (17).  DR5  has 
recently  attracted  more  attention  because  its  ligand  TRAIL 
preferentially  induces  apoptosis  in  transformed  or  malignant 
cells,  demonstrating  potential  as  a  tumor-selective  apoptosis- 
inducing  cytokine  for  cancer  treatment  (18, 19).  Certain  cancer 
therapeutic  agents  induce  the  expression  of  DR5  in  various 
types  of  cancer  cells  and  thus  are  able  to  augment  TRAIL-in- 
duced  apoptosis  or  to  initiate  apoptosis  (20). 

The  CCAAT/enhancer-binding  protein  homologous  protein 
(CHOP),  also  known  as  G ADD  153  (growth  arrest  and  DNA 
damage  gene  153),  is  an  endoplasmic  reticulum  (ER)  stress- 
induced  transcription  factor  involved  in  the  regulation  of  apo¬ 
ptosis,  particularly  ER  stress-associated  apoptosis  (21).  Recent 
studies  have  demonstrated  that  CHOP  directly  regulates  DR5 
expression  through  a  CHOP-binding  site  in  the  5-flanking 
region  of  the  DR5  gene  (22,  23).  Certain  drugs  induce  DR5 
expression  through  CHOP-dependent  transactivation  of  the 
DR5  gene  (22-24). 

The  mechanisms  underlying  FTI-mediated  growth  arrest 
and  apoptosis  induction  are  largely  undefined  (1).  Several  non- 
Ras  targets  such  as  RhoB  and  Rab  geranylgeranyltransferase 
have  been  proposed  (25,  26).  In  addition,  Akt  inactivation 
appears  to  play  a  role  in  apoptosis  induced  by  a  subset  of  FTIs 
(5,  27,  28),  although  some  studies  have  been  unable  to  demon¬ 
strate  this  role  (29-31).  However,  DR5  has  not  been  suggested 
to  be  involved  in  the  biological  actions  of  FTIs.  In  this  study,  we 
reveal,  for  the  first  time,  a  novel  mechanism  in  human  cancer 
cells  by  which  FTIs,  particularly  LNF,  induce  apoptosis  via  the 
CHOP-dependent  up-regulation  of  DR5  expression  and  subse¬ 
quent  caspase-8  activation. 

EXPERIMENTAL  PROCEDURES 

Reagents— LNF  and  its  analog  SCH66337  were  provided  by 
Schering-Plough  Research  Institute  (Kenilworth,  NJ).  They 
were  dissolved  in  Me2SO  at  a  concentration  of  10  mM,  and 
aliquots  were  stored  at  —  80  °C.  Stock  solutions  were  diluted  to 
the  desired  final  concentrations  with  growth  medium  just 
before  use.  Soluble  human  recombinant  TRAIL  was  purchased 
from  BIOMOL  International  (Plymouth  Meeting,  PA).  The 
caspase  inhibitors  benzyloxycarbonyl-Val-Ala-Asp-fluorom- 
ethyl  ketone  and  benzyloxycarbonyl-Ile-Glu(OMe)-Thr- 
Asp(OMe)-fluoromethyl  ketone  were  purchased  from  Enzyme 
System  Products  (Livermore,  CA).  Staurosporine  and  other 
chemicals  were  purchased  from  Sigma.  Rabbit  polyclonal  anti- 
DR5  antibody  was  purchased  from  ProSci  Inc.  (Poway,  CA). 


Mouse  monoclonal  anti-caspase-3  antibody  was  purchased 
from  Imgenex  (San  Diego,  CA).  Rabbit  polyclonal  anti- 
caspase-9,  anti-caspase-8,  and  anti-poly(ADP-ribose)  polymer¬ 
ase  antibodies  were  purchased  from  Cell  Signaling  Technology, 
Inc.  (Beverly,  MA).  Mouse  monoclonal  anti-Ras  GTPase-acti- 
vating  protein  (RasGAP)  antibody  B4F8  was  purchased  from 
Santa  Cruz  Biotechnology,  Inc.  (Santa  Cruz,  CA).  Mouse 
monoclonal  anti-HDJ-2  antibody  (clone  KA2A5.6)  was  pur¬ 
chased  from  Lab  Vision  Corp.  (Fremont,  CA).  Mouse  mono¬ 
clonal  anti-BiP/GRP78  antibody  was  purchased  from  BD 
Transduction  Laboratories. 

Cell  Lines  and  Cell  Cultures — All  cell  lines  were  purchased 
from  American  Type  Culture  Collection  (Manassas,  VA).  H460 
cell  lines  stably  expressing  a  dominant-negative  Fas-associated 
death  domain  mutant  (FADDm)  were  described  previously 
(32).  These  cell  lines  were  grown  in  monolayer  culture  in  RPMI 
1640  medium  supplemented  with  glutamine  and  5%  fetal 
bovine  serum  (FBS)  at  37  °C  in  a  humidified  atmosphere  con¬ 
sisting  of  5%  C02  and  95%  air. 

Western  Blot  Analysis — The  procedures  for  preparation  of 
whole  cell  protein  lysates  and  Western  blot  analysis  were 
described  previously  (32,  33). 

Detection  of  DRS  mRNA  Expression — DR5  mRNA  was 
detected  by  reverse  transcription-PCR  as  follows.  Total  RNA 
was  isolated  from  cells  using  TriReagent  (Sigma)  as  instructed 
by  the  manufacturer.  First-strand  cDNA  was  synthesized  from 
2  pg  of  total  RNA  in  a  volume  of  20  pi  containing  1  pi  of  avian 
myeloblastosis  virus  reverse  transcriptase,  0.5  pi  of  dNTP  (25 
mM  each),  0.5  pi  of  random  primer  (0.5  /xg//xl),  4  pi  of  5X 
reverse  transcription  buffer,  and  sterile  H20,  followed  by 
incubation  at  42  °C  for  60  min  and  inactivation  by  heating  at 
70  °C  for  15  min.  cDNA  was  then  amplified  by  PCR  using  the 
following  primers:  DR5,  5'-GACCTAGCTCCCCAGCA- 
GAGAG-3'  (sense)  and  5'-CGGCTGCAACTGTGACTC- 
CTAT-3'  (antisense);  and  /3-actin,  5'-GAAACTACCTTCA- 
ACTCCATC-3'  (sense)  and  5'-CTAGAAGCATTTGCGG- 
TGGACGATGGAGGGGCC-5'  (antisense).  The  25 -pi 
amplification  mixture  contained  2  pi  of  cDNA,  0.5  pi  of 
dNTP  (25  mM  each),  1  pi  each  of  the  sense  and  antisense 
primers  (20  pM  each),  1  pi  of  Taq  DNA  polymerase  (5  units/ 
pi;  Promega,  Madison,  MI),  2.5  pi  of  10  X  reaction  buffer, 
and  sterile  H20.  PCR  was  performed  for  28  cycles.  After  an 
initial  step  at  95  °C  for  3  min,  each  cycle  consisted  of  50  s  of 
denaturation  at  94  °C,  50  s  of  annealing  at  58  °C,  and  55  s  of 
extension  at  72  °C.  This  was  followed  by  an  additional  exten¬ 
sion  step  at  72  °C  for  10  min.  The  housekeeping  gene  j3-actin 
was  also  amplified  as  an  internal  reference.  PCR  products  were 
resolved  by  electrophoresis  on  a  4%  agarose  gel,  stained,  and 
directly  visualized  under  UV  illumination. 

Construction  of  DRS  Reporter  Plasmid ,  Transient  Transfec¬ 
tion ,  and  Luciferase  Activity  Assay— The  plasmid  containing  a 
5 '-flanking  region  of  the  DR5  gene  was  kindly  provided  by  Dr. 
G.  S.  Wu  (Wayne  State  University  School  of  Medicine,  Detroit, 
MI).  We  used  this  plasmid  as  a  template  to  amplify  a  series  of 
deletion  fragments  of  the  5 '-flanking  region  of  the  DR5  gene 
ranging  from  3070  to  120  bp  upstream  of  the  translation  start 
site  by  PCR  and  then  subcloned  these  fragments  into  the 
pGL3-Basic  reporter  vector  (Promega)  through  Kpnl  and 
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Bglll  restriction  sites.  In  the  PCR  amplification,  the  reverse 
primer  5'-CTTAAGATCTGGCGGTAGGGAACGCTCTT- 
ATAGTC-3'  was  used  to  make  all  deletion  constructs.  The 
upstream  primers  used  were  5'-CTTAGGTACCTGGCTC- 
GTCTGTTCCTCTACGGCCCC-3'  (-3070),  5'-CTTAGG- 
TACCTCAACTCATTTCCCCCAAGTTTC-3'  (-420),  5'- 
CTTAGGTACCACCCAGAAACAAACCACAGCCCGGG- 
3'  (-373),  5'-CTTAGGTACCCTTATTTATTGTCACCAA- 
CCTGTGG-3'  (-240),  and  5'-CTTAGGTACCGCACGCGG- 
CCGGAGAACCCC-3'  (  —  120).  These  constructs  were  named 
pGL3-DR5(— 3070),  pGL3-DR5(  -420),  pGL3-DR5(  -  373), 
pGL3-DR5(— 240),  and  pGL3-DR5(— 120),  respectively.  The 
reporter  constructs  containing  a  552-bp  5 '-flanking  region  of 
the  DR5  gene  with  a  wild-type  or  mutated  CHOP-binding  site, 
an  NF-KB-binding  site,  or  an  Elk-binding  site  were  generously 
provided  by  Dr.  H.-G.  Wang  (University  of  South  Florida  Col¬ 
lege  of  Medicine,  Tampa,  FL)  (22).  In  this  study,  we  also  used 
the  pGL3-Promoter  luciferase  vector  (pGL3-SV40-Luc;  Pro- 
mega),  which  contains  an  SV40  promoter,  as  a  control.  A  pCHllO 
plasmid  encoding  j3-galactosidase  (GE  Healthcare)  was  used  in  the 
cotransfection  for  normalization.  These  plasmids  were  purified 
with  a  Qiafilter  plasmid  maxi  kit  (Qiagen  Inc.). 

To  examine  the  effect  of  LNF  on  DR5  transactivation  activity, 
cells  were  seeded  in  24-well  plates  and  cotransfected  with  the 
given  reporter  plasmid  (0.5  jutg/well)  and  the  pCHllO  plasmid 
(0.2  juig/well)  using  FuGENE  6  transfection  reagent  (3:1  ratio; 
Roche  Applied  Science)  following  the  manufacturer's  protocol. 
Twenty-four  hours  later,  the  cells  were  treated  with  LNF.  After 
12  h,  the  cells  were  lysed  and  subjected  to  luciferase  activity 
assay  using  a  luciferase  assay  system  (Promega)  in  a  luminom- 
eter.  Relative  luciferase  activity  was  normalized  to  j3-galacto- 
sidase  activity,  which  was  measured  as  described  previously 
(34). 

Detection  of  Cell-surface  DRS — In  this  study,  cell-surface 
DR5  expression  was  analyzed  by  both  flow  cytometry  and 
immunofluorescent  staining.  The  procedure  for  direct  anti¬ 
body  staining  and  subsequent  flow  cytometric  analysis  of  cell- 
surface  protein  was  described  previously  (35).  The  mean  fluo¬ 
rescent  intensity  that  represents  antigenic  density  on  a  per  cell 
basis  was  used  to  represent  DR5  expression  levels.  Phyco- 
erythrin  (PE)-conjugated  mouse  monoclonal  anti-human  DR5 
(clone  DJR2-4),  anti-human  DR4  (clone  DJR1),  anti-human 
decoy  receptor  1  (clone  DJR3),  anti-human  decoy  receptor  2 
(clone  DJR4-1),  and  anti-human  Fas  (clone  DX2)  antibodies 
and  PE-conjugated  mouse  IgGl  isotype  control  (MOPC21/P3) 
were  purchased  from  eBioscience  (San  Diego,  CA).  For  immun¬ 
ofluorescent  staining,  cells  were  plated  overnight  on  coverslips 
in  24-well  plates  and  treated  with  different  concentrations  of 
LNF.  Cells  were  then  fixed  in  68  mM  PIPES,  25  mM  HEPES,  15 
mM  EGTA,  and  3  mM  MgCl2  with  3.7%  formaldehyde,  0.05% 
glutaraldehyde,  and  0.5%  Triton  X-100  for  10  min;  washed 
three  times  with  phosphate-buffered  saline;  and  then  blocked 
for  15  min  with  10%  normal  goat  serum.  Next,  cells  were  incu¬ 
bated  with  PE-conjugated  mouse  monoclonal  anti-DR5  anti¬ 
body  (clone  DJR2-4)  diluted  1:15  in  5%  normal  goat  serum  for 
1  h  at  room  temperature.  After  the  cells  were  washed  three 
times,  coverslips  were  removed  from  wells,  inverted,  and  placed 
on  slides.  Images  were  acquired  using  a  X63  Zeiss  Plan-Apoc- 


hromat  oil  lens  (numerical  aperture  =  1.4)  mounted  on  a  Zeiss 
LMS  510  confocal  laser  scanning  microscope. 

Detection  of  Apoptosis— The  amounts  of  cytoplasmic  his¬ 
tone-associated  DNA  fragments  (mono-  and  oligonucleo- 
somes)  formed  during  apoptosis  were  measured  using  a  Cell 
Death  Detection  ELISAplus  kit  (Roche  Applied  Science)  accord¬ 
ing  to  the  manufacturer's  instructions.  Caspase  activation  and 
substrate  cleavage  were  detected  by  Western  blot  analysis  as 
described  above.  In  addition,  we  also  counted  floating  cells  in 
the  medium  as  another  indicator  of  apoptotic  cell  death. 
Because  the  albumin  in  the  serum  attenuates  the  FTI  effect  in 
culture  (31),  we  performed  these  experiments  in  0.1%  serum- 
containing  medium  to  increase  induction  of  apoptosis. 

Cell  Survival  Assay — Cells  were  seeded  in  96-well  cell  culture 
plates  and  treated  on  the  2nd  day  with  the  indicated  agents.  At 
the  end  of  treatment,  the  cell  number  was  estimated  by  the 
sulforhodamine  B  assay  as  described  previously  (36). 

Small  Interfering  RNA  (siRNA)-mediated  Gene  Silencing— 
High  purity  control  (non-silencing)  siRNA  oligonucleotides 
that  target  sequence  5'-AATTCTCCGAACGTGTCACGT-3' 
was  purchased  from  Qiagen  Inc.  Caspase-8,  DR5,  and  CHOP 
siRNA  duplexes  that  target  sequences  5'-AACTACCAGAAA- 
GGTATACCT-3',  5'-AAGACCCTTGTGCTCGTTGTC-3' 
(32,  37),  and  5'-AAGAACCAGCAGAGGUCACAA-3'  (22), 
respectively,  were  synthesized  by  Qiagen  Inc.  The  additional 
DR5  siRNA-2,  which  targets  sequence  5'-AAGTTGCAGCCG- 
TAGTCTTGA-3'  (22),  was  also  synthesized  by  Qiagen  Inc. 
Transfection  of  siRNA  was  performed  as  described  previously 
(32).  Gene  silencing  effects  and  caspase  activation  were  evalu¬ 
ated  by  Western  blot  analysis,  whereas  DNA  fragmentation  was 
measured  using  the  Cell  Death  Detection  ELISAplus  kit  as 
described  above. 

Statistical  Analysis— Cell  survival  and  apoptosis  (i.e.  DNA 
fragmentation)  between  two  groups  were  analyzed  with  two- 
sided  unpaired  Student's  t  tests  when  the  variances  were  equal 
or  with  Welch's  corrected  t  test  when  the  variances  were  not 
equal  using  GraphPad  InStat  Version  3  software.  The  assump¬ 
tion  for  use  of  the  t  tests  was  calculated  and  suggested  by  the 
same  software.  All  means  ±  S.D.  from  triplicate  or  quadrupli¬ 
cate  samples  were  calculated  with  Microsoft  Excel  Version  5.0 
software.  In  all  statistical  analyses,  results  were  considered  to  be 
statistically  significant  at  p  <  0.05. 

RESULTS 

LNF  Induces  Caspase-8-dependent  Apoptosis — Our  previous 
study  has  shown  that  LNF  induces  apoptosis,  particularly  in 
low  serum  culture  medium  (31).  Here,  we  examined  further 
the  effects  of  LNF  on  caspase  activation  and  its  involvement 
in  LNF-induced  apoptosis  in  human  lung  cancer  cells.  In 
both  H157  and  H1792  human  lung  cancer  cell  lines,  LNF 
decreased  the  levels  of  the  proforms  of  caspase-8,  -9,  and  -3; 
increased  the  levels  of  their  cleaved  forms;  and  induced 
cleavage  of  poly(ADP-ribose)  polymerase  and  RasGAP,  both 
of  which  are  caspase-3  substrates  (38),  in  a  concentration- 
dependent  manner  (Fig.  1A).  These  results  indicate  that  LNF 
activates  both  caspase-8-  and  caspase-9-mediated  activation 
of  caspase  cascades.  Because  caspase-8  activation  is  a  critical 
event  in  the  extrinsic  apoptotic  signaling  pathway,  we  tested 
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FIGURE  1 .  LNF  induces  caspase-8-mediated  apoptosis.  A,  LNF  induces  caspase  activation.  The  indicated  lung 
cancer  cell  lines  were  treated  with  the  indicated  concentrations  of  LNF  in  0.1  %  FBS  for  24  h.  Whole  cell  protein 
lysates  were  then  prepared  from  these  cell  lines  and  subjected  to  detection  of  cleavage  of  caspase  {CaspY 8, 
caspase-9,  caspase-3,  RasGAP,  and  poly(ADP-ribose)  polymerase  {PARP)  by  Western  blot  analysis.  Actin  expres¬ 
sion  was  used  as  a  loading  control.  CFs,  cleaved  forms.  B,  suppression  of  LNF-induced  DNA  fragmentation  by 
caspase  inhibitors.  HI  792  cells  were  pretreated  with  50  puvi  caspase  inhibitors  as  indicated  and  then  cotreated 
with  the  given  caspase  inhibitor  and  5  pM  LNF  in  0.1  %  FBS.  After  24  h,  the  cells  were  subjected  to  estimation  of 
DNA  fragmentation  using  the  Cell  Death  Detection  ELISAplus  kit.  Data  are  the  means  ±  S.D.  of  three  identical 
wells.  DMSO,  Me2SO;  IETD-FMK,  benzyloxycarbonyl-lle-Glu(OMe)-Thr-Asp(OMe)-fluoromethyl  ketone;  VAD- 
FMK,  benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl  ketone.  C  and  D,  silencing  of  caspase-8  expression  (Q 
decreases  cell  sensitivity  to  LNF-induced  cell  death  (D)  and  inhibits  LNF-induced  caspase  activation  (Q.  HI  792 
cells  were  seeded  in  a  24-well  cell  culture  plate  and  transfected  with  control  {Ctrl)  or  caspase-8  siRNA.  After  48  h, 
the  cells  were  treated  with  the  Me2SO  control  {Ctrl),  7.5  pN\  LNF,  40  ng/ml  TRAIL,  or  0.5  ptM  staurosporine  (STS) 
in  0.1  %  fetal  calf  serum  for  24  h.  The  cells  were  then  subjected  to  preparation  of  whole  cell  protein  lysates  and 
subsequent  Western  blot  analysis  (Q.  In  addition,  cells  were  also  seeded  in  96-well  plates  and  treated  with  the 
solvent  control,  7.5  pM  LNF,  80  ng/ml  TRAIL,  or  0.25  pM  staurosporine.  After  24  h,  the  cell  numbers  were 
estimated  using  the  sulforhodamine  B  assay  (D).  Data  are  the  means  ±  S.D.  of  four  identical  wells.  E,  silencing 
of  caspase-8  expression  abrogates  LNF-induced  DNA  fragmentation.  HI  792  cells  were  seeded  in  a  24-well  cell 
culture  plate  and  transfected  twice  with  control  or  caspase-8  siRNA  in  a  48-h  interval.  Forty  hours  later  after  the 
second  transfection,  the  cells  were  treated  with  the  indicated  concentrations  of  LNF  in  0.1  %  FBS  for  24  h  and 
then  subjected  to  evaluation  of  DNA  fragmentation  using  the  Cell  Death  Detection  ELISAplus  kit.  Data  are  the 
means  ±  S.D.  of  three  identical  wells. 


whether  caspase-8  activation  is  required  for  LNF-induced 
apoptosis.  LNF  significantly  increased  the  amount  of  DNA 
fragments  ( p  <  0.001),  but  in  the  presence  of  the  pan-caspase 
inhibitor  benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl  ke¬ 
tone  or  the  caspase-8  inhibitor  benzyloxycarbonyl-Ile-Glu- 
(OMe)-Thr-Asp(OMe)-fhioromethyl  ketone,  LNF  failed  to 
increase  the  levels  of  DNA  fragments  ( p  <  0.001)  (Fig.  LB), 


indicating  that  LNF-induced  apop- 
p  <  cfoai  tosis  is  caspase-dependent,  particu¬ 

larly  caspase-8-dependent.  To  fur¬ 
ther  demonstrate  the  importance  of 
caspase-8  activation  in  LNF-in¬ 
duced  apoptosis,  we  silenced  the 
expression  of  caspase-8  and  then 
examined  its  impact  on  LNF-in¬ 
duced  apoptosis.  As  shown  in  Fig. 
1C,  caspase-8  levels  were  dramati¬ 
cally  decreased  in  H1792  cells  trans¬ 
fected  with  the  caspase-8  siRNA  in 
comparison  with  caspase-8  levels  in 
those  cells  transfected  with  the  con¬ 
trol  siRNA.  By  measuring  cell  sur¬ 
vival,  we  found  that  LNF  caused  sig¬ 
nificantly  less  cell  death  in  caspase-8 
siRNA-transfected  cells  than  in 
control  siRNA-transfected  cells 
(Fig.  ID).  Accordingly,  we  detected 
cleaved  forms  of  caspase-8, 
caspase-3,  and  poly(ADP-ribose) 
polymerase  (Fig.  1C)  and  increased 
amounts  of  DNA  fragments  (Fig. 
ID)  in  control  siRNA-transfected 
cells  but  not  in  caspase-8  siRNA- 
transfected  cells  after  exposure  to 
LNF.  These  results  clearly  indicate 
that  silencing  of  caspase-8  expres¬ 
sion  inhibits  LNF-induced  apopto¬ 
sis,  further  supporting  the  essential 
role  of  caspase-8  activation  in  LNF- 
induced  apoptosis.  Used  as  control 
treatments,  TRAIL,  a  cytokine 
known  to  trigger  the  extrinsic  apo- 
ptotic  pathway,  failed  to  decrease 
cell  survival  (Fig.  ID)  and  exhibited 
attenuated  effects  on  the  cleavage  of 
caspase-8,  caspase-3,  and  poly- 
(ADP-ribose)  polymerase  (Fig.  1C) 
in  caspase-8  siRNA-transfected 
cells,  whereas  staurosporine,  a  small 
molecule  known  to  induce  apopto¬ 
sis  through  the  mitochondrial  apo- 
ptotic  pathway,  was  equally  active  in 
inducing  cell  death  (Fig.  ID)  and 
cleavage  of  caspase-3  and  poly- 
(ADP-ribose)  polymerase  in  both 
control  and  caspase-8  siRNA-trans¬ 
fected  cells,  although  caspase-8 
cleavage  was  inhibited  in  caspase-8 
siRNA-transfected  cells  (Fig.  1C). 

LNF  Induces  DRS  Expression — Because  caspase-8  activation 
is  an  essential  step  in  the  extrinsic  death  receptor-mediated 
apoptotic  pathway,  we  next  tested  whether  LNF  affects  the 
expression  of  death  receptors.  By  Western  blot  analysis,  we 
found  that  LNF  increased  DR5  expression  in  a  time-  and  con¬ 
centration-dependent  manner  (Fig.  2,  A  and  B).  Specifically, 
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FIGURE  2.  LNF  increases  DR5  expression  at  both  the  protein  (A-D)  and  mRNA  ( E  and  F)  levels  in  human 
cancer  cells.  A,  the  indicated  cell  lines  were  treated  with  5  juM  LNF  for  the  indicated  times.  B,  F1 1 792  cells  were 
treated  with  the  indicated  concentrations  of  LNF  for  24  h.  C,  the  indicated  human  lung  cancer  cell  lines  were 
treated  with  5  puvi  LNF  for  1 6  h.  D,  the  indicated  cell  lines  were  treated  with  the  given  concentrations  of  LNF  for 
1 6  h.  Whole  cell  protein  lysates  were  then  prepared  from  the  aforementioned  treatments  for  detection  of  DR5 
expression  by  Western  blot  analysis.  E,  F1 1 792  cells  were  exposed  to  the  indicated  concentrations  of  LNF  for  8  h. 
Cellular  total  RNA  was  then  prepared  for  detection  of  DR5  mRNA  by  reverse  transcription-PCR.  Actin  levels 
were  used  as  an  internal  control.  F,  FI1 792  cells  were  transiently  transfected  with  pGL3-DR5(-3070)  or  pGL3- 
SV40-Luc  for  24  h  and  then  treated  with  Me2SO  ( DMSO )  or  10  [jum  LNF  for  an  additional  12  h.  The  cells  were 
subjected  to  a  luciferase  assay.  Data  are  the  means  ±  S.D.  of  three  identical  determinants. 


LNF-induced  DR5  expression  occurred  at  8  h,  reached  a  peak  at 
24  h  (H1792  cells)  or  48  h  (H157  cells),  and  was  sustained  up  to 
48  h  (H1792  cells)  or  72  h  (H157  cells)  post-LNF  treatment  (Fig. 
2 A).  The  highest  levels  of  DR5  expression  were  observed  with 
10  ixm  LNF;  however,  2.5  pM  LNF  was  sufficient  to  increase 
DR5  expression  relative  to  untreated  cells  (Fig.  2 B).  Therefore, 
it  appears  that,  at  clinically  achievable  and  tolerable  concentra¬ 
tions  (2-5  p,M)  (39,  40),  LNF  induces  rapid  but  sustained  up- 
regulation  of  DR5  expression.  Moreover,  we  found  that  LNF 
also  increased  DR5  expression  in  other  human  lung  cancer  cell 
lines,  as  shown  in  Fig.  2  C,  as  well  as  in  other  types  of  cancer  cell 
lines,  including  breast  (MCF-7),  cervical  (HeLa),  prostate 
(DU145),  head  and  neck  (38  and  SqCC/YI),  and  colon 
(HCT116)  (Fig.  2D).  We  also  compared  the  effects  of  LNF  on 
DR5  induction  in  HCT116(p53+/+)  and  HCT116(p53w~)  cell 
lines  and  found  that  LNF  up-regulated  DR5  expression  in  both 
cell  lines  (Fig.  2D).  These  findings  indicate  that  DR5  induction 
by  LNF  commonly  occurs  in  human  cancer  cells.  We  noted  that 
LNF  also  increased  DR4  expression;  however,  it  did  not  occur  in 


all  tested  cell  lines  (data  not  shown). 
Thus,  we  focused  our  subsequent 
studies  on  DR5  induction. 

To  determine  whether  DR5 
induction  by  LNF  occurs  at  the 
transcriptional  level,  we  detected 
DR5  mRNA  levels  in  cells  exposed 
to  different  concentrations  of  LNF 
using  reverse  transcription-PCR.  As 
shown  in  Fig.  2E ,  LNF  at  concentra¬ 
tions  ranging  from  2.5  to  10  pM 
increased  DR5  mRNA  levels  in  a 
concentration-dependent  manner. 
Moreover,  we  examined  the  effect 
of  LNF  on  DR5  promoter  activity 
and  observed  that  LNF  significantly 
increased  luciferase  activity  in  cells 
transfected  with  a  luciferase 
reporter  plasmid  carrying  a  DR5 
5 '-flanking  region  (i.e.  pGL3- 
DR5(— 3070)),  but  not  in  cells  trans¬ 
fected  with  a  reporter  plasmid 
driven  by  the  SV40  promoter  (i.e. 
pGL3-SV40-Luc)  (Fig.  2 F),  indicat¬ 
ing  that  LNF  enhances  DR5  transac¬ 
tivation.  Collectively,  these  results 
clearly  show  that  LNF  up-regulates 
DR5  expression  at  the  transcrip¬ 
tional  level. 

LNF  Increases  Cell-surface  DR5 
Levels— It  is  known  that  DR5  func¬ 
tions  as  a  cell-surface  protein  (17). 
Thus,  we  were  interested  in  deter¬ 
mining  whether  LNF  increases  cell- 
surface  DR5  levels.  In  this  study,  we 
treated  cells  with  LNF,  stained  the 
cells  with  PE-conjugated  anti-DR5 
antibody,  and  analyzed  PE-positive 
cells  by  flow  cytometry  and  confocal 
microscopy.  By  flow  cytometry,  we  detected  a  dramatic 
increase  in  fluorescent  intensity  in  both  H1792  and  H157  cells 
treated  with  LNF  compared  with  cells  exposed  to  the  Me2SO 
control  (Fig.  3 A).  The  mean  fluorescent  intensities  were  22.82, 
60.01,  and  142.71  in  H1792  cells  treated  with  the  Me2SO  con¬ 
trol,  5  jULM  LNF,  and  10  /x m  LNF,  respectively,  and  29.44,  67.70, 
and  109.96  in  HI 57  cells,  respectively.  By  confocal  microscopy, 
we  observed  low  levels  of  cytoplasmic  DR5  protein  in  control 
cells  without  cell-surface  staining  of  DR5.  After  treatment  with 
LNF,  we  observed  clear  DR5  staining  on  the  cell  surface,  partic¬ 
ularly  at  5  and  10  pM  (Fig.  3 B),  indicating  that  LNF  induces 
cell-surface  localization  of  DR5.  Collectively,  these  data  clearly 
demonstrate  that  LNF  increases  cell-surface  DR5  levels. 

In  addition,  we  determined  whether  LNF  alters  the  levels  of 
other  death  or  TRAIL  receptors.  H1792  cells  expressed  cell- 
surface  DR4  and  Fas,  but  very  low  levels  of  decoy  receptors  1 
and  2.  Upon  treatment  with  either  5  or  10  p,M  LNF,  the  levels  of 
these  surface  receptors  were  not  further  increased  (supplemen¬ 
tal  Fig.  SI).  Thus,  it  is  clear  that  LNF  does  not  affect  the  levels  of 


1 8804  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


VOLUME  282- NUMBER  26-JUNE  29,  2007 


Downloaded  from  www.jbc.org  at  M  D  ANDERSON  HOSP,  on  July  29,  201 1 


Role  ofDR5  Up-regulation  in  FTI-induced  Apoptosis 


FIGURE  3.  LNF  increases  cell-surface  DR5  levels.  A,  HI  792  and  HI 57  cell 
lines  were  exposed  to  the  indicated  concentrations  of  LNF  for  24  h.  The  cells 
were  then  harvested,  stained  with  PE-conjugated  DR5  antibody,  and  ana¬ 
lyzed  by  flow  cytometry.  The  shaded  peak  represents  cells  stained  with  a 
matched  PE-conjugated  IgG  isotype  control  ( PE-lso ).  The  open  peaks  were 
cells  stained  with  PE-conjugated  anti-DR5  antibody.  DMSO,  Me2SO.  B,  HI  792 
cells  were  treated  with  the  indicated  concentrations  of  LNF  for  1 6  h  and  then 
stained  with  PE-conjugated  DR5  antibody.  DR5  expression  was  visualized 
under  a  confocal  microscope. 

other  death  or  TRAIL  receptors  at  the  cell  surface.  Collectively, 
these  data  further  suggest  the  importance  of  DR5  up-regulation 
in  LNF-induced  apoptosis. 

LNF  Induces  DR5  Expression  through  a  CHOP-dependent 
Mechanism— To  determine  how  FTIs  increase  DR5  expres¬ 
sion  at  the  transcriptional  level,  we  examined  the  effects  of 
LNF  on  the  transactivation  of  reporter  constructs  with  dif¬ 
ferent  lengths  of  DR5  5 '-flanking  regions  (Fig.  4 A)  to  identify 
the  region  responsible  for  LNF-mediated  DR5  transactiva¬ 
tion.  In  this  transient  transfection  and  luciferase  assay,  LNF 
failed  to  increase  the  luciferase  activity  of  pGL3-DR5(  —  240) 
and  pGL3-DR5(  — 120)  while  significantly  increasing  the 
luciferase  activity  of  pGL3-DR5(  — 373),  pGL3-DR5(— 420), 
and  pGL3-DR5(  — 3070)  (Fig.  4 A),  indicating  that  the  region 
between  —240  and  —373  contains  essential  element(s) 
responsible  for  LNF-induced  DR5  transactivation.  We  iden¬ 
tified  a  CHOP-binding  site  in  this  region,  which  has  been 
demonstrated  to  be  responsible  for  DR5  up-regulation  by 
several  cancer  therapeutic  agents  (22-24).  Thus,  we  further 
compared  the  effects  of  LNF  on  the  transactivation  of  reporter 
constructs  carrying  wild-type  and  mutated  CHOP-binding 
sites.  We  also  included  constructs  carrying  mutated  NF-kB- 
and  Elk-binding  sites  as  controls  (Fig.  4 B).  As  shown  in  Fig.  4 B, 
LNF  increased  the  luciferase  activity  of  the  constructs  carrying 
the  wild-type  DR5  promoter  region  or  the  DR5  promoter 
region  with  a  mutated  NF-/<B-  or  Elk-binding  site.  However, 
LNF  failed  to  increase  the  luciferase  activity  of  the  construct 
carrying  the  DR5  promoter  region  with  a  mutated  CHOP-bind¬ 
ing  site.  These  results  clearly  indicate  that  the  CHOP-binding 
site  in  the  DR5  promoter  region  is  required  for  LNF-mediated 
DR5  transactivation. 

We  next  examined  whether  LNF  actually  modulates  the 
expression  of  CHOP.  By  Western  blot  analysis,  we  detected  a 
time-dependent  DR5  induction  accompanied  by  CHOP 
up-regulation  in  cells  exposed  to  LNF,  both  of  which  occurred 
at  3  h  and  were  sustained  up  to  24  h  post-LNF  treatment  (Fig. 


4C).  The  cleavage  of  caspase-8,  caspase-3,  and  poly(ADP-ri- 
bose)  polymerase  was  detected  at  12  h  after  LNF  treatment  (Fig. 
4C).  Thus,  the  up-regulation  of  both  CHOP  and  DR5  appears  to 
be  an  early  event  that  occurs  before  induction  of  apoptosis.  By 
blocking  LNF-induced  CHOP  expression  using  CHOP  siRNA, 
we  detected  that  DR5  induction  by  LNF  was  also  accordingly 
diminished  (Fig.  4 D),  indicating  that  LNF-induced  DR5  up-reg- 
ulation  is  secondary  to  CHOP  induction.  We  conclude  that 
LNF  induces  CHOP-dependent  DR5  expression. 

Given  that  CHOP  is  an  ER  stress-associated  protein  (21),  we 
further  examined  whether  LNF  alters  the  expression  levels  of 
BiP/GRP78,  another  key  protein  marker  of  ER  stress  (21).  As 
shown  in  Fig.  4C,  under  the  same  conditions  used  to  test  CHOP 
and  DR5,  LNF  did  not  alter  the  levels  of  BiP/GRP78  from  3  to 
16  h  post- treatment.  At  24  h,  LNF  only  slightly  increased  the 
BiP/GRP78  levels.  Together,  these  data  clearly  show  that  LNF 
increases  the  levels  of  CHOP,  but  not  BiP/GRP78. 

Induction  ofDRS  Contributes  to  LNF-induced  Apoptosis — It 
is  well  known  that  DR5  activation  ( e.g.  ligation  with  TRAIL) 
recruits  and  activates  caspase-8  via  the  adaptor  molecule 
FADD,  leading  to  induction  of  apoptosis  (18, 19).  One  common 
strategy  to  disrupt  death  receptor-induced  apoptosis  is  to  use  a 
dominant-negative  FADDm,  which  prevents  death  receptors 
from  recruiting  caspase-8  (41).  To  determine  whether  DR5  up- 
regulation  contributes  to  LNF-induced  apoptosis,  we  com¬ 
pared  the  effects  of  LNF  on  apoptosis  induction  in  vector-trans¬ 
fected  H460  cells  (H460/V1)  and  FADDm-transfected  cells 
(H460/Fm6  and  H460/Fml6).  These  cell  lines  were  equally  sen¬ 
sitive  to  staurosporine  in  terms  of  decreasing  cell  survival. 
However,  both  H460/Fm6  and  H460/Fml6  cell  lines  were  sig¬ 
nificantly  less  sensitive  to  TRAIL  in  comparison  with  H460/V1 
cells  (Fig.  5 A).  LNF  effectively  increased  the  number  of  floating 
(dead)  cells  (Fig.  SB)  and  the  levels  of  DNA  fragments  (Fig.  5C) 
in  H460/V1  cells.  However,  these  effects  were  significantly 
diminished  in  H460  cells  expressing  FADDm  ( i.e .  H460/Fm6 
and  H460/Fml6;  p  <  0.05),  indicating  that  FADDm  overex¬ 
pression  abrogates  the  ability  of  LNF  to  induce  apoptotic  cell 
death,  suggesting  that  the  death  receptor-mediated  extrinsic 
apoptotic  pathway  is  critical  for  LNF-induced  apoptosis. 

To  further  decipher  the  role  of  DR5  in  LNF-induced  apopto¬ 
sis,  we  knocked  down  DR5  gene  expression  using  siRNA  and 
then  examined  its  impact  on  LNF-induced  apoptosis.  In  both 
H1792  and  H157  cells,  DR5  siRNA  transfection  dramatically 
decreased  the  basal  levels  of  DR5  expression  and,  more  impor¬ 
tant,  abolished  LNF-induced  DR5  expression  as  detected  by 
Western  blot  analysis  (Fig.  5 D).  Furthermore,  in  cells  trans¬ 
fected  with  DR5  siRNA,  LNF-induced  DNA  fragmentation  was 
significantly  suppressed  compared  with  cells  transfected  with 
control  siRNA  (Fig.  5 E).  To  avoid  possible  off- target  effects  of 
siRNA,  we  also  used  a  second  DR5  siRNA  (i.e.  DR5  siRNA-2) 
that  targets  a  different  sequence  of  the  DR5  gene  to  reproduce 
the  aforementioned  results.  Similarly,  blockage  of  DR5  induc¬ 
tion  by  silencing  DR5  using  DR5  siRNA-2  significantly  inhib¬ 
ited  LNF-induced  DNA  fragmentation  (supplemental  Fig.  S2). 
Collectively,  these  results  further  support  the  critical  role  of  the 
DR5-mediated  extrinsic  apoptotic  pathway  in  LNF-induced 
apoptosis. 
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the  region  in  the  DR5  5'-flanking  region  that  is  responsible  for  LNF-induced  DR5  transactivation.  The  given 
reporter  constructs  with  different  lengths  of  the  5'-flanking  region  of  the  DR5  gene  were  cotransfected  with 
the  pCH  1 10  plasmid  into  F1 1792  cells.  After  24  h,  the  cells  were  treated  with  Me2SO  ( DMSO )  or  10  ptM  LNF  for 
1 2  h  and  then  subjected  to  luciferase  {Luc)  assay.  Each  bar  represents  the  mean  ±  S.D.  of  triplicate  determina¬ 
tions.  B,  the  CFIOP-binding  site  is  required  for  LNF-induced  DR5  transactivation.  The  given  reporter  constructs 
with  and  without  different  mutated  (m)  binding  sites  were  cotransfected  with  the  pCH1 1 0  plasmid  into  HI  792 
cells.  After  24  h,  the  cells  were  treated  with  Me2SO  or  1 0  ptM  LNF  for  1 2  h  and  then  subjected  to  luciferase  assay. 
Each  bar  represents  the  mean  ±  S.D.  of  triplicate  determinations.  I/I/,  wild-type.  C,  effects  of  LNF  on  the  expres¬ 
sion  of  CHOP,  DR5,  and  Bip/GRP78  and  cleavage  of  caspase  {CaspY 8,  caspase-3,  and  poly(ADP-ribose)  poly¬ 
merase  {PARP).  HI  792  cells  were  treated  with  Me2SO  or  5  piM  LNF  in  0.1%  FBSfor  the  indicated  times  and  then 
subjected  to  preparation  of  whole  cell  protein  lysates  and  subsequent  Western  blot  analysis.  CFs,  cleaved 
fragments.  D,  blockage  of  CHOP  induction  inhibits  LNF-induced  DR5  up-regulation.  HI  792  cells  were  trans¬ 
fected  with  control  {Ctrl)  or  CHOP  siRNA.  After  48  h,  the  cells  were  treated  with  the  indicated  concentrations  of 
LNF  for  12  h  and  then  subjected  to  preparation  of  whole  cell  protein  lysates  and  subsequent  Western  blot 
analysis. 


Combination  of  LNF  and  TRAIL  Enhances  Induction  of 
Apoptosis— Because  LNF  increases  cell-surface  DR5  expres¬ 
sion,  we  speculated  that  LNF  would  cooperate  with  exogenous 
TRAIL  to  augment  induction  of  apoptosis  if  the  induced  DR5  is 
functional.  Thus,  we  examined  the  effect  of  the  combination  of 
LNF  with  exogenous  human  recombinant  TRAIL  on  apoptosis 
in  two  human  lung  cancer  cell  lines.  As  shown  in  Fig.  6 A,  5  /ulm 
LNF  alone  did  not  apparently  induce  cleavage  of  caspase-8, 
caspase-3,  poly(ADP-ribose)  polymerase,  and  RasGAP, 
whereas  TRAIL  at  the  tested  doses,  particularly  10  and  20 
ng/ml,  caused  only  weak  cleavage  of  the  caspases  and  their  sub¬ 
strates.  Notably,  the  combination  of  LNF  and  TRAIL  induced 


obvious  cleavage  of  not  only 
caspase-8,  but  also  caspase-3  and  its 
substrate  poly(ADP-ribose)  polym¬ 
erase,  as  indicated  by  the  dramatic 
decreases  in  their  proforms 
(uncleaved  forms)  and/or  increase 
in  the  cleaved  bands.  LNF  alone  did 
not  affect  RasGAP  levels,  and 
TRAIL  alone  at  20  and  30  ng/ml 
caused  only  weak  cleavage  of  Ras¬ 
GAP.  However,  the  combination  of 
LNF  with  TRAIL,  even  at  10  ng/ml 
TRAIL,  induced  cleavage  of  Ras¬ 
GAP  (Fig.  6 A).  Therefore,  it  appears 
that  LNF  cooperates  with  TRAIL  to 
enhance  activation  of  caspase-8  and 
its  downstream  caspase-3. 

In  addition,  both  LNF  alone  (1-5 
jULM)  and  TRAIL  alone  (25  ng/ml) 
did  not  increase  or  only  slightly 
increased  the  amount  of  DNA  frag¬ 
ments;  however,  the  combination  of 
the  two  agents  induced  a  striking 
increase  in  DNA  fragment  levels, 
which  were  apparently  greater  than 
the  sums  of  the  levels  caused  by  each 
single  agent  alone  in  both  cell  lines 
(Fig.  5 B).  For  example,  in  H1792 
cells,  LNF  at  5  ptM  increased  DNA 
fragmentation  by  <0.2  arbitrary 
units,  whereas  TRAIL  at  25  ng/ml 
increased  DNA  fragmentation  by 
—0.3  arbitrary  units.  However,  the 
combination  of  these  two  agents 
increased  DNA  fragmentation  by 
—  1.4  arbitrary  units.  Therefore,  it 
appears  that  LNF  synergizes  with 
TRAIL  to  induce  apoptosis  in 
human  cancer  cells. 

DISCUSSION 

Although  FTIs  were  historically 
developed  as  anti-Ras  agents,  it  is 
now  generally  agreed  that  FTIs 
exert  their  antitumor  activity  inde¬ 
pendently  of  their  inhibition  of  Ras 
farnesylation  (1,  2,  25).  In  this  study,  we  have  demonstrated 
that  induction  of  DR5  and  its  mediated  activation  of  the 
extrinsic  apoptotic  pathway  play  critical  roles  in  LNF-in¬ 
duced  apoptosis  in  human  lung  cancer  cells  due  to  the  fol¬ 
lowing  findings.  First,  LNF  activated  caspase-8,  which  is 
required  for  LNF-induced  apoptosis  because  inhibition  of 
caspase-8  activation  by  either  a  caspase-8  inhibitor  or 
siRNA-mediated  caspase-8  silencing  abolished  LNF-in¬ 
duced  apoptosis.  Second,  overexpression  of  FADDm  abro¬ 
gated  LNF-induced  caspase  activation  and  apoptotic  cell 
death,  suggesting  that  the  activation  of  the  extrinsic  apopto¬ 
tic  pathway  is  critical  for  LNF-induced  apoptosis.  Finally, 
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FIGURE  5.  Overexpression  of  a  dominant-negative  FADDm  (A-C)  or  silencing  of  DR5  expression  by  siRNA 
(D  and  E)  protects  cells  from  LNF-induced  apoptosis.  A,  overexpression  of  FADDm  protects  cells  from  death 
induced  by  TRAIL,  but  not  by  staurosporine.  The  indicated  cell  lines  were  treated  with  the  given  concentrations 
of  TRAIL  or  staurosporine  for  24  h.  The  cells  were  then  subjected  to  measurement  of  cell  survival  by  the 
sulforhodamine  B  assay.  Data  are  the  means  ±  S.D.  of  four  identical  treatments.  B  and  C,  overexpression  of 
FADDm  protects  cells  from  LNF-induced  apoptosis.  The  indicated  cell  lines  were  exposed  to  the  given  concen¬ 
trations  of  LNF  in  0.1%  FBS  for  24  h.The  cells  were  then  subjected  to  detection  of  floating  or  dead  cells  in  the 
medium  by  direct  cell  counting  (£)  and  evaluation  of  DNA  fragmentation  using  the  Cell  Death  Detection 
ELISAplus  kit  (C).  D,  the  indicated  cell  lines  were  seeded  in  a  24-well  cell  culture  plate  and  transfected  twice  on 
the  2nd  day  with  control  {Ctrl)  or  DR5  siRNA  in  a  48-h  interval.  Forty  hours  later  after  the  second  transfection, 
cells  were  treated  with  the  indicated  concentrations  of  LNF  in  0.1%  FBS.  After  24  h,  DR5  expression  was 
assessed  by  Western  blot  analysis.  E,  the  indicated  cell  lines  were  transfected  with  control  or  DR5  siRNA  as 
aforementioned  and  then  treated  with  the  indicated  concentrations  of  LNF  in  0.1  %  FBS.  After  24  h,  cells  were 
subjected  to  estimation  of  DNA  fragmentation  using  the  Cell  Death  Detection  ELISAplus  kit.  Data  in  C  and  E  are 
the  means  ±  S.D.  of  three  identical  wells. 


LNF  primarily  induced  DR5  expression  (including  an 
increase  in  cell-surface  DR5),  whereas  DR5  silencing  using 
DR5  siRNA  attenuated  LNF-induced  caspase  activation  and 
apoptosis,  indicating  that  DR5  induction  contributes  to 
LNF-induced  apoptosis.  Thus,  our  study  is  the  first  to  dem¬ 
onstrate  that  an  FTI  induces  DR5-mediated,  caspase-8-de- 
pendent  apoptosis  in  human  cancer  cells. 


DR5  expression  is  regulated 
through  p53-dependent  and  -inde¬ 
pendent  mechanisms  (42,  43).  In 
our  study,  most  of  the  cell  lines  used 
for  examining  DR5  up-regulation, 
including  H1792,  H157,  H1299, 
H226,  DU145,  HeLa,  and  SqCC/Yl, 
have  mutant  or  deleted  p53  (44- 
47).  Because  LNF  still  increased 
DR5  expression  in  these  cell  lines 
(Fig.  2),  we  conclude  that  LNF 
induces  DR5  expression  independ¬ 
ently  of  p53.  This  is  further  sup¬ 
ported  by  our  observation  that  LNF 
up-regulated  DR5  expression  with 
equal  potency  in  both  HCT116  and 
p53  knock-out  HCT116  cell  lines 
(Fig.  2).  Currently,  it  is  known  that 
DR5  can  be  regulated  in  a  p53-inde- 
pendent  manner  (43,  48),  but  the 
underlying  mechanisms  remain 
largely  unclear. 

CHOP  has  been  demonstrated 
recently  to  regulate  DR5  expres¬ 
sion  through  the  CHOP-binding 
site  in  the  DR5  gene  (22,  23), 
revealing  a  novel  p53-independent 
regulation  of  DR5  expression.  In 
our  study,  LNF  appeared  to 
increase  DR5  expression  at  the 
transcriptional  level  because  it 
increased  DR5  mRNA  levels  and 
the  activity  of  the  DR5  promoter 
(Fig.  2).  The  deletion  and  muta¬ 
tion  analyses  of  the  DR5  5 '-flank¬ 
ing  region  revealed  that  the  region 
containing  the  CHOP-binding  site 
is  essential  for  LNF-mediated  DR5 
transactivation  (Fig.  4).  Indeed, 
LNF  induced  a  time-dependent 
CHOP  expression  accompanied 
by  the  up-regulation  of  DR5 
expression.  Blockage  of  LNF-me¬ 
diated  CHOP  induction  by  the 
CHOP  siRNA  accordingly  inhib¬ 
ited  DR5  up-regulation  (Fig.  4). 
We  conclude  that  LNF  induces 
DR5  expression  through  a  CHOP- 
dependent  mechanism. 

It  is  known  that  CHOP  is  an  ER 
stress-regulated  protein  (21).  It 
was  reported  that  another  FTI  called  R1 15777  induces  ER 
stress  in  myeloma  cells  because  it  increased  the  levels  of  both 
CHOP  and  particularly  BiP/GRP78  after  a  prolonged  treat¬ 
ment  (i.e.  72  h)  (49).  In  our  system,  LNF  at  a  concentration 
that  induces  DR5  expression  ( e.g .  5  /am)  increased  the  levels 
of  CHOP,  but  not  BiP/GRP78  (Fig.  4),  arguing  that  LNF 
induces  ER  stress  in  our  system.  Nonetheless,  whether 


JUNE  29,  2007-VOLUME  282-NUMBER  26 


JOURNAL  OF  BIOLOGICAL  CHEMISTRY  1 8807 


Downloaded  from  www.jbc.org  at  M  D  ANDERSON  HOSP,  on  July  29,  201 1 


Role  ofDR5  Up-regulation  in  FTI-induced  Apoptosis 


HI  792 


HI  57 


I - 

TRAIL  [ng/ml]:  0 
LNF  [pM]:  0 


1 


0  10  20  30  10  20  30 
5  5  5  5  0  0  0 


0  0  10  20  30  10  20  30 
0  5  5  5  5  0  0  0 


Casp-3 


Casp-3 


PARR 


RasGAP 


Act  In 


LNF  IpM]  LNF  [pM] 

FIGURE  6.  Combination  of  LNF  and  TRAIL  augments  caspase  activation  (A)  and  DNA  fragmentation 

( B ).  A,  the  indicated  cell  lines  were  treated  with  LNF  alone,  TRAIL  alone,  and  their  combinations  as  indi¬ 
cated.  After  14  h,  whole  cell  protein  lysates  were  prepared  from  both  detached  and  attached  cells  and 
subjected  to  Western  blot  analysis  to  detect  cleavage  of  caspases  and  their  substrates.  Casp,  caspase; 
PARP,  poly(ADP-ribose)  polymerase;  CFs,  cleaved  forms.  B,  the  indicated  cell  lines  were  seeded  in  a  96-well 
plate  and  treated  on  the  2nd  day  with  the  indicated  concentrations  of  LNF  alone,  TRAIL  at  25  ng/ml  alone, 
and  their  combinations.  After  24  h,  cells  were  subjected  to  measurement  of  DNA  fragments  using  the  Cell 
Death  Detection  ELISAplus  kit.  Data  are  the  means  ±  S.D.  of  three  identical  wells. 


CHOP  elevation  by  LNF  is  due  to  ER  stress  or  other  mecha¬ 
nisms  needs  to  be  studied  further. 

In  addition  to  LNF,  R1 15777  also  increased  DR5  expression.4 
The  LNF  analog  SCH66337,  which  was  much  weaker  than  LNF 
in  inhibiting  protein  farnesylation,  also  showed  weaker  activity 
than  LNF  in  inducing  DR5  expression  and  enhancing  TRAIL- 
induced  apoptosis  (supplemental  Fig.  S3).  Therefore,  future 
studies  should  address  whether  there  is  a  relationship  between 
inhibition  of  protein  farnesylation  and  induction  of  CHOP  and 
DR5. 

Although  R1 15777  was  reported  to  induce  apoptosis  in  the 
presence  of  a  caspase-8  inhibitor  in  myeloma  cells  (49),  this  FTI 
did  enhance  death  receptor-induced  apoptosis  mediated  by  Fas 
ligand  or  TRAIL  in  myeloma  cells  (50)  and  lung  cancer  cells.4 


4  Y.  Qiu,  X.  Liu,  P.  Yue,  F.  R.  Khuri,  and  S.-Y.  Sun,  unpublished  data. 


These  findings  are  in  agreement 
with  our  current  finding  that  LNF 
enhances  TRAIL-induced  apoptosis 
in  human  lung  cancer  cells.  In  our 
study,  we  have  clearly  shown  that 
LNF  induces  caspase-8-dependent 
apoptosis  through  both  pharmaco¬ 
logical  (inhibitor)  and  molecular 
(siRNA)  approaches  (Fig.  1). 
Because  both  LNF  and  R1 15777 
induced  DR5  expression  in 
myeloma  cells,4  further  studies  are 
needed  to  address  whether  the 
death  receptor-mediated  apoptotic 
pathway  is  also  involved  in  FTI-in- 
duced  apoptosis  in  myeloma  cells  as 
well  as  in  other  types  of  cancer  cells. 

Our  findings  that  FTIs  increase 
DR5  expression  and  enhance 
TRAIL-induced  apoptosis  have 
clinically  meaningful  implications. 
It  is  known  that  TRAIL  functions 
as  the  DR5  ligand  and  rapidly 
induces  apoptosis  in  a  wide  variety 
of  transformed  cells,  but  is  not 
cytotoxic  in  normal  cells  in  vitro 
and  in  vivo  (18,  19).  Therefore, 
TRAIL  is  considered  to  be  a  tumor- 
selective,  apoptosis-inducing  cyto¬ 
kine  and  a  promising  new  candidate 
for  cancer  treatment.  In  addition, 
agonistic  anti-DR5  antibodies  can 
also  induce  DR5  trimerization, 
which  triggers  the  extrinsic  apopto¬ 
tic  pathway,  thus  having  great  can¬ 
cer  therapeutic  potential  (51).  In 
fact,  the  agonistic  anti-DR5  anti¬ 
body  is  already  being  tested  in  phase 
I  clinical  trials.  Therefore,  LNF,  as 
well  as  other  FTIs  that  increase  cell- 
surface  DR5  expression,  can  be  used 
in  combination  with  TRAIL  or  an 
agonistic  anti-DR5  antibody  to  achieve  an  enhanced  effect  on 
apoptosis  induction  in  human  cancer  cells.  In  summary,  our 
study  has  demonstrated,  for  the  first  time,  that  an  FTI  ( e.g ,  LNF) 
induces  CHOP-dependent  DR5  expression  at  a  clinically 
achievable  concentration  range,  contributing  to  FTI-induced 
apoptosis. 
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Abstract 

To  determine  whether  EGFR  tyrosine  kinase  domain  muta¬ 
tions  are  early  events  in  the  pathogenesis  of  lung  adenocarci¬ 
nomas,  we  tested  for  the  presence  of  EGFR  mutations  in 
histologically  normal  bronchial  and  bronchiolar  epithelia 
from  lung  adenocarcinomas  bearing  the  common  EGFR 
mutations.  DNA  was  extracted  from  microdissected  tissue 
obtained  from  21  tumors  with  known  EGFR  mutations,  16 
tumors  without  mutation,  and  90  sites  of  normal  bronchial 
and  bronchiolar  epithelium  from  the  same  surgical  speci¬ 
mens.  With  the  use  of  PCR  and  direct  DNA  sequencing,  EGFR 
mutations  identical  to  the  tumors  were  detected  in  the  normal 
respiratory  epithelium  in  9  of  21  (43%)  patients  with  EGFR 
mutant  adenocarcinomas  but  none  in  patients  without 
mutation  in  the  tumors.  The  finding  of  mutations  being  more 
frequent  in  normal  epithelium  within  tumor  (43%)  than  in 
adjacent  sites  (24%)  suggests  a  localized  field  effect  phenom¬ 
enon.  Our  findings  indicate  that  mutation  of  the  tyrosine 
kinase  domain  of  EGFR  is  an  early  event  in  the  pathogenesis  of 
lung  adenocarcinomas,  and  suggest  EGFR  mutations  as  an 
early  detection  marker  and  chemoprevention  target.  (Cancer 
Res  2005;  65(17):  7568-72) 

Introduction 

Four  major  histologic  types  compose  the  majority  of  lung 
cancers,  and  adenocarcinoma  histology  is  currently  the  type  most 
frequently  diagnosed  (1).  It  has  been  established  that  adenocarci¬ 
nomas  usually  arise  from  the  peripheral  airway;  however,  the 
specific  airway  structure  (bronchus,  bronchiole,  and  alveolus)  and 
the  respiratory  epithelium  cell  type  (ciliated,  goblet,  Clara,  and  type 
II  alveolar  cells)  from  which  most  adenocarcinomas  develop  have 
not  been  established.  Recent  findings  indicate  that  clinically 
evident  lung  adenocarcinomas  are  the  results  of  the  accumulation 
of  numerous  genetic  and  epigenetic  changes,  including  abnormal¬ 
ities  for  the  inactivation  of  tumor  suppressor  genes  and  the 
activation  of  oncogenes  (2).  Despite  these  advances,  there  is 
extremely  limited  information  available  on  the  early  molecular 
pathogenesis  of  lung  adenocarcinomas. 

Somatic  mutations  of  EGFR,  a  tyrosine  kinase  of  the  ErbB  family, 
recently  have  been  reported  in  specific  subsets  of  lung  adenocarci- 
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nomas  (3-9).  The  mutations  are  clinically  relevant  because  most  of 
them  have  been  associated  with  patient  tumor  sensitivity  to  small 
molecule  tyrosine  kinase  inhibitors  gefitinib  and  erlotinib  (3-5,  10). 
About  90%  of  the  mutations  detected  in  EGFR  are  composed  either 
of  in-frame  deletions  in  exon  19  or  a  specific  missense  mutation  in 
exon  21  (L858R;  refs.  3-9).  The  mutations  are  significantly 
associated  with  adenocarcinoma  histology,  never  or  light  smoker 
status,  female  gender,  and  East  Asian  ethnic  origin  (9).  However, 
there  is  no  information  available  on  the  stage  of  lung  adenocar¬ 
cinoma  development  when  EGFR  mutation  develops.  Thus,  to 
investigate  the  stage  of  lung  adenocarcinoma  pathogenesis  when 
EGFR  mutations  commence,  we  tested  for  the  presence  of  EGFR 
mutations  in  peripheral  airway  respiratory  epithelium  (small 
bronchi  and  bronchioles)  obtained  from  21  patients  with  lung 
adenocarcinoma  harboring  EGFR  mutations.  We  compared  the 
findings  with  similar  samples  obtained  from  16  lung  cancer 
patients  whose  tumors  had  wild- type  EGFR. 

Materials  and  Methods 

Case  selection.  Tumor  tissue  specimens  obtained  from  120  surgically 
resected  lung  adenocarcinomas,  pathology  stages  I  to  IIIA,  were  obtained 
from  the  Lung  Cancer  Specialized  Program  of  Research  Excellence  Tissue 
Bank  at  the  M.D.  Anderson  Cancer  Center  (Houston,  TX),  and  were 
examined  for  EGFR  gene  mutation  in  exons  18  to  21  (9).  We  selected  20 
cases  of  adenocarcinoma  and  one  adenosquamous  carcinoma  with  EGFR 
mutation  in  exon  19  ( n  =  13)  and  exon  21  (n  =  8)  in  which  archival  formalin- 
fixed  paraffin-embedded  tissues  from  which  surgically  resected  lobectomy 
specimens  were  available  (Table  1).  Most  patients  were  women  of  East  Asian 
ethnicity  and  never  or  former  smokers  (Table  1).  All  EGFR  mutated  lung 
adenocarcinomas  were  of  mixed  histologic  subtype  (WHO  classification, 
2004;  ref.  1).  Two  patients  with  EGFR  mutant  lung  cancers  were  current 
smokers,  but  with  only  5  and  12  pack-year  exposures.  None  of  the  patients 
had  received  prior  cytotoxic  therapy.  Patients  who  had  smoked  at  least  100 
cigarettes  in  their  lifetime  were  defined  as  smokers,  and  smokers  who  quit 
smoking  at  least  12  months  before  lung  cancer  diagnosis  were  defined  as 
former  smokers.  As  a  control  group,  16  cases  of  adenocarcinoma  without 
EGFR  mutation,  divided  into  8  never  and  8  former  smokers,  were  selected. 
Clinical  staging  was  based  on  the  revised  in  International  System  for  Stating 
Lung  Cancer  (11). 

Respiratory  epithelium  foci  selection.  H&E-stained  histology  sections 
of  archival  specimens  having  tumor  and  adjacent  normal  lung  tissues  were 
reviewed  to  identify  available  foci  of  respiratory  epithelium  containing  at 
least  1,000  cells.  From  the  21  EGFR  mutated  lung  cancers,  we  identified 
noncontiguous  small  bronchial  ( n  =  26)  or  bronchiolar  (n  =  38)  sites 
suitable  for  microdissection.  All  the  foci  harbored  histologically  normal¬ 
appearing  respiratory  epithelium,  without  identifiable  dysplastic  or 
neoplastic  cells  (Fig.  1).  No  atypical  adenomatous  hyperplasias,  putative 
precursors  of  a  subset  of  lung  adenocarcinomas,  were  detected.  The 
microdissected  specimens  were  obtained  from  three  different  locations 
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EGFR  Mutation  in  Normal  Lung  Epithelium 


Table  1.  Clinicopathologic  data  of  EGFR  mutant  resected  lung  adenocarcinomas  studied 


Case  no. 

Age 

Gender 

Race 

Smoking 

status 

Stage 

EGFR  mutation 

Mutation  in 
normal  epithelium 

l 

55 

Female 

Caucasian 

Never 

IIB 

15  bp  del  (746-750) 

Yes 

2 

70 

Female 

Hispanic 

Never 

1 1 1 A 

15  bp  del  (746-750) 

No 

3 

64 

Male 

Caucasian 

Never 

IA 

15  bp  del  (746-750) 

No 

4 

66 

Female 

Caucasian 

Never 

IB 

18  bp  del  (746-751)  and  S752V 

No 

5 

52 

Female 

Hispanic 

Never 

IIIA 

L858R 

Yes 

6 

70 

Female 

Caucasian 

Never 

IA 

L858R 

Yes 

7 

65 

Female 

Caucasian 

Never 

IA 

L858R 

No 

8 

45 

Female 

East  Asian 

Never 

IA 

L858R 

No 

9 

61 

Female 

East  Asian 

Never 

IIIA 

L858R 

No 

10 

49 

Female 

East  Asian 

Never 

IIIA 

L858R 

No 

11 

35 

Female 

East  Asian 

Never 

IA 

15  bp  del  (746-750) 

Yes 

12 

62 

Female 

East  Asian 

Never 

IA 

L858R 

No 

13 

66 

Female 

Caucasian 

Former 

IV 

15  bp  del  (746-750) 

No 

14 

58 

Female 

Caucasian 

Former 

IA 

15  bp  del  (746-750) 

Yes 

15 

65 

Male 

East  Asian 

Former 

IIB 

18  bp  del  (746-751)  and  S752I 

Yes 

16 

72 

Female 

Caucasian 

Former 

IB 

15  bp  del  (746-750) 

Yes 

17 

69 

Male 

East  Asian 

Former 

IIIA 

L858R 

No 

18 

56 

Male 

East  Asian 

Former 

IIB 

18  bp  del  (747-752)  and  P753Q 

Yes 

19 

69 

Male 

East  Asian 

Former 

IB 

15  bp  del  (747-751) 

No 

20 

73 

Male 

East  Asian 

Current 

IIB 

15  bp  del  (746-750) 

Yes 

21 

68 

Female 

Caucasian 

Current 

IIIA 

15  bp  del  (746-750) 

No 

based  on  their  relationship  to  the  tumors:  within  the  tumor  (21  foci),  <5  mm 
apart  from  the  tumor  margin  (adjacent  to  tumor;  29  sites),  and  from  sites 
located  >5  mm  from  the  tumor  margin  (“distant”  lung;  14  sites).  From  the 
16  non  -EGFR  mutated  lung  adenocarcinoma  cases,  we  selected  26  (10  small 
bronchi  and  16  bronchioles)  sites  of  histologically  normal  respiratory 
epithelium  (Table  2).  Averages  of  3.1  (range,  2-6)  and  1.6  (range,  1-3) 
respiratory  epithelium  foci  were  examined  from  EGFR  mutated  and 
nonmutated  cases,  respectively.  Small  bronchi  were  identified  as  having 
well-defined  smooth  muscle  and  discontinuous  cartilage  layers.  Bronchioles 
were  defined  as  small  conducting  airways  lacking  well-defined  smooth 
muscle  wall  or  cartilage  layers.  As  internal  negative  controls,  stromal  tissue 
obtained  from  bronchial  walls  was  also  selected  for  microdissection.  As 
these  were  retrospectively  collected  specimens,  location  of  the  small 
bronchial  and  bronchiolar  respiratory  epithelium  examined  for  mutations 
was  assessed  based  on  their  location  with  respect  to  tumor  tissue  in  the 
corresponding  histology  sections. 

Microdissection  and  DNA  extraction.  Approximately  1,000  cells 
(tumor,  respiratory  epithelium,  or  stromal)  were  precisely  microdissected 
from  sequential  8-pm-thick  H&E-stained,  formalin-fixed  paraffin-embedded 
histology  sections,  using  laser  capture  microdissection  (Arcturus  Engineer¬ 
ing  Laser  Microdissection  System,  Mountain  View,  CA;  Fig.  1).  To  avoid 
possible  nonspecific  binding  of  mutant  tumor  cells  to  the  microdissection 
cap  film,  the  specifically  microdissected  epithelial  cells  were  redissected 
from  the  film  under  stereomicroscope  visualization  using  fine  needles 
(25G5/8).  DNA  was  extracted  using  25  pL  of  Pico  Pure  DNA  Extraction 
solution  (Arcturus)  containing  proteinase  K  and  incubated  at  65  °C  for 
24  hours.  Subsequently,  proteinase  K  inactivation  was  done  by  heating 
samples  at  95  °C  for  10  minutes. 

EGFR  mutation  analysis.  Exons  19  and  21  of  EGFR  were  PCR  amplified 
using  intron-based  primers  as  previously  described  (10).  From  micro¬ 
dissected  formalin-fixed  paraffin-embedded  cells,  ~  100  cells  were  used  for 
each  PCR  amplification.  Each  amplification  was  done  in  25  pL  volume 
containing  2.5  pL  DNA,  0.5  pL  each  primer  (20  pmol/L),  12.5  pL  HotStarTaq 
Master  Mix  (Qiagen,  Valencia,  CA),  and  9  pL  DNase-free  water.  DNA  was 
amplified  for  38  cycles  at  94  °C  for  30  seconds,  65  °C  for  30  seconds,  and  72  °C 
for  45  seconds,  followed  by  7-minute  extension  at  72  °C.  All  PCR  products 
were  directly  sequenced  using  Applied  Biosystems  PRISM  dye  terminator 


cycle  sequencing  method  (Perkin-Elmer  Corp.,  Foster  City,  CA).  All  sequence 
variants  were  confirmed  by  independent  PCR  amplifications  from  at  least 
two  independent  microdissections,  and  sequenced  in  both  directions. 

Statistical  analysis.  For  data  in  which  there  is  one  record  per  patient,  all 
relationships  between  categorical  variables  were  assessed  via  the  Fisher’s 
exact  test  (12).  For  continuous  outcomes,  differences  between  cohorts  were 
assessed  via  the  Wilcoxon  rank-sum  test.  Data  in  which  there  are  multiple 
records  per  patient,  relationships  between  binary  variables  were  assessed 
via  generalized  estimating  equation  models. 

Results 

EGFR  mutation  in  histologically  normal  epithelium.  Muta¬ 
tion  analysis  of  the  microdissected  tumor  tissue  confirmed  the 
mutational  pattern  originally  identified  using  frozen  and  non- 
microdissected  formalin-fixed  paraffin-embedded  tissues  in  all  21 
cases  (Table  1).  Of  interest,  EGFR  mutations  were  detected  in  at 
least  one  sample  of  corresponding  histologically  normal  small 
bronchial  and  bronchiolar  epithelia  in  9  of  21  (43%)  EGFR  mutant 
lung  adenocarcinoma  patients  (Tables  1  and  2).  By  contrast,  no 
mutations  in  exons  19  and  21  of  the  EGFR  gene  were  detected  in 
26  respiratory  epithelium  foci  obtained  from  16  lobectomy 
specimens  of  cancers  having  wild-type  EGFR  (P  =  0.005).  In  EGFR 
mutant  lung  adenocarcinomas,  16  of  64  (25%)  normal  respiratory 
epithelium  foci  microdissected  showed  EGFR  mutations.  Five  of 
nine  cases  showing  mutations  in  normal  respiratory  epithelium 
showed  two  or  three  microdissected  sites  with  EGFR  mutation.  In 
all  cases,  the  mutational  patterns  in  the  tumors  and  corresponding 
nonmalignant  respiratory  epithelial  specimens  were  identical.  All 
mutations  detected  were  confirmed  using  additional  microdis¬ 
sected  samples  and  multiple  independent  sequencing  experiments 
in  both  sense  and  antisense  directions.  Importantly,  no  mutations 
were  detected  in  stromal  cells  microdissected  from  bronchial  walls 
in  five  cases  in  which  adjacent  lung  normal  epithelium  and  tumor 
showed  EGFR  mutations. 
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The  frequency  of  mutations  in  the  histologically  normal 
respiratory  epithelium  was  higher  in  samples  microdissected 
within  the  tumor  (9  of  21,  43%)  than  samples  obtained  from  tissue 
adjacent  to  tumor  (distance  of  <5  mm  from  the  tumor  margin;  7  of 
29,  24%;  P  =  0.013;  Table  2).  No  mutation  was  detected  in  14  distant 
bronchial  and  bronchiolar  samples.  Although  not  statistically 
significant,  a  higher  incidence  of  mutation  was  detected  in  small 
bronchial  (9  of  26,  35%)  compared  with  bronchiolar  structures  (7  of 
38,  18%;  P  =  0.093).  More  frequent  mutations  affecting  normal 
epithelium  were  found  in  EGFR  exon  19  (14  of  16,  54%)  compared 
with  exon  21  (2  of  28,  7%;  P  =  0.02).  There  was  no  correlation  noted 
between  mutations  in  the  normal  epithelium  and  age,  gender, 
ethnic  background,  former  or  never  smoker  status,  or  lung  cancer 
clinical  stage  in  our  patients. 

Discussion 

This  is  the  first  report  of  the  presence  of  EGFR  mutations  in 
histologically  normal  bronchial  and  bronchiolar  epithelium  in 
patients  with  lung  adenocarcinomas.  Our  findings  of  identical 
EGFR  mutations  in  normal-appearing  respiratory  epithelium  in  9 
of  21  (43%)  patients  with  mutant  tumors  suggest  that  the 
mutations  occur  as  early  events  in  the  pathogenesis  of  a  subset 
of  lung  adenocarcinomas,  commencing  in  histologically  normal 
peripheral  airways.  These  findings  impact  our  understanding  of 


the  early  pathogenesis  of  EGFR  mutant  lung  adenocarcinomas,  and 
may  lead  to  clinical  applications,  such  as  targeted  early  detection 
and  chemoprevention  strategies. 

It  has  been  proposed  that  lung  cancer  cells  with  mutant  EGFR 
might  become  physiologically  dependent  on  the  continued  activity 
of  the  gene  for  the  maintenance  of  their  malignant  phenotype  (13). 
Mutant  EGFR  selectively  transduces  survival  signals,  specifically 
Akt,  and  signal  transduction  and  activator  of  transcription 
signaling  pathways,  on  which  lung  cancer  tumor  cells  become 
dependent  (14).  Our  finding  of  identical  EGFR  mutations  (15  or  18 
bp  in-frame  deletion  and  L858R  mutation)  in  lung  adenocarcinoma 
cells  and  in  25%  of  the  corresponding  adjacent  histologically 
normal  epithelial  sites  examined  indicates  that  EGFR  tyrosine 
kinase  mutations  also  may  play  an  important  role  in  the  initiation 
of  the  malignant  phenotype.  This  notion  is  further  supported  by 
the  absence  of  EGFR  mutations  in  normal-appearing  epithelium 
from  16  lung  adenocarcinomas  with  wild-type  EGFR  from  never 
and  former  smokers. 

Clinically  and  pathologically  (1),  most  adenocarcinomas  of 
the  lung  are  considered  to  arise  from  the  peripheral  lung  airway 
compartment  (small  bronchi/bronchioles  and  alveoli;  ref.  15), 
which  arise  by  division  of  the  tertiary  bronchi  (16).  Whereas 
bronchi  are  lined  by  pseudostratified  ciliated  epithelium  with 
occasional  mucin-producing  cells,  bronchioles  contain  ciliated 
cells  and  secretory  Clara  cells  (16).  The  latter  are  believed  to  be 


I.  Histology  and  Microdissection 

Tumor  Small  Bronchus  Bronchiole  Bronchiole 


II.  EGFR  Sequencing  (Exon  19, 15  bp  deletion  746-750) 


tiiM 


ACATCTCCGAAAGCCAAG 


Mutant 


Figure  1.  I,  examples  of  tumor  and  histologically  normal  airway  structures  harboring  the  mutations  are  illustrated  before  ( A-D )  and  after  microdissection  ( E-H ).  II, 
sequencing  chromatograms  showing  the  presence  of  wild-type  and  mutant  forms  in  the  tumor  (/),  a  small  bronchus  (J),  and  bronchiole  ( K ),  whereas  only  wild-type  form 
is  present  in  another  bronchiole  (/.).  Arrow,  in-frame  deletion  mutation  sequence. 
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Table  2.  Frequency  of  EGFR  tyrosine  kinase  domain 
bronchiolar  epithelium  in  lung  adenocarcinoma  patients 

mutations  in  microdissected  histologically 

normal  bronchial  and 

Cases/samples 

Mutated  tumors 

Exon  19  deletion 

Exon  21  mutation 

Total  mutated 

Wild-type  tumors 

Patients  by  smoking  status  (n  =  30) 

Never 

2  of  5 

2  of  7 

4  of  12 

0  of  8 

Former 

4  of  6 

0  of  1 

4  of  7 

0  of  8 

Current 

1  of  2 

1  of  2 

— 

Total  patients 

7  of  13  (54%) 

2  of'  8  (25%) 

9  of  21  (43%)* 

0  of  16* 

Foci  by  location  compared  with  tumor  (n 
Within 

=  90) 

8  of  14  (57%) 

1  of  7  (14%) 

9  of  21  (43%)* 

0  of  8 

Near  (<5  mm) 

6  of  13  (46%) 

1  of  16  (6%) 

7  of  29  (24%)* 

0  of  13 

Distant 

0  of  9 

0  of  5 

0  of  14  f 

0  of  5 

Foci  by  respiratory  structure  ( n  =  90) 

Small  bronchus 

8  of  17  (47%) 

1  of  9  (11%) 

9  of  26  (35%) 

0  of  10 

Bronchiole 

6  of  19  (32%) 

1  of  19  (5%) 

7  of  38  (18%) 

0  of  16 

Total  foci 

14  of  36  (39%)* 

2  of  28  (7%)* 

16  of  64  (25%) 

0  of  26 

*P  value  of  comparison:  0.0046. 
t P  value  of  comparison:  0.013. 
iP  value  of  comparison:  0.021. 

the  progenitor  cells  of  the  bronchiolar  epithelium.  Respiratory 
bronchioles  terminate  in  alveolar  ducts  and  alveolar  sacs,  which 
are  lined  by  type  I  and  II  pneumocytes  (16).  Our  finding  of 
EGFR  mutations  in  microdissected  histologically  normal  epi¬ 
thelial  cells  obtained  from  small  bronchi  and  bronchioles 
supports  the  concept  of  adenocarcinomas  arising  from  the 
peripheral  lung  airway  compartment.  The  tendency  of  higher 
frequency  of  EGFR  mutations  in  normal  epithelium  obtained 
from  small  bronchi  (35%)  compared  with  bronchioles  (18%) 
may  correlate  with  different  cell  types  populating  those 
epithelia,  which  could  represent  the  site  of  the  cell  of  origin 
for  EGFR  mutant  adenocarcinomas.  However,  the  possibility 
that  common  stem  or  progenitor  cells  for  both  bronchial  and 
bronchiolar  epithelia  are  the  cell  type  bearing  EGFR  mutation 
cannot  be  excluded. 

The  finding  of  EGFR  mutations  in  small  bronchial  and 
bronchiolar  epithelium  obtained  from  sites  within  (43%)  and 
adjacent  (24%)  to  tumors,  but  none  in  the  distant  peripheral  lung 
sites,  suggests  that  a  localized  type  of  field  effect  phenomenon  may 
exist  for  EGFR  mutations  in  the  lung  respiratory  epithelium.  A 
widespread  field  effect  phenomenon  with  several  molecular 


changes  affecting  histologically  normal  and  abnormal  bronchial 
and  bronchiolar  epithelium  has  been  previously  shown  by  us 
(17,  18)  and  others  (19)  in  the  smoking-damaged  respiratory 
epithelium  from  lung  cancer  patients  and  from  smokers  without 
lung  cancer.  Therefore,  our  findings  extend  the  field  theory  from 
centrally  arising  squamous  carcinomas  to  peripheral  occurring 
adenocarcinomas  arising  both  in  smokers  and  never  smokers. 

Our  findings  of  EGFR  mutations  present  in  histologically  normal 
epithelium  of  patients  with  lung  adenocarcinomas  bearing 
identical  mutations  open  new  avenues  of  investigation  in  the  early 
pathogenesis  of  lung  adenocarcinoma,  including  the  identification 
of  specific  epithelial  cell  types  hit  by  crucial  genetic  abnormalities 
involved  in  lung  tumorigenesis. 
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Abstract  To  identify  the  characteristics  and  sequence  of  epidermal  growth  factor  receptor  (EGFR) 
abnormalities  relevant  to  the  pathogenesis  and  progression  of  lung  adenocarcinoma,  we  per¬ 
formed  a  precise  mapping  analysis  of  EGFR  mutation,  gene  copy  number,  and  total  and  phos- 
phorylated  EGFR  protein  expression  for  the  same  tissue  sites.  We  examined  normal  bronchial 
and  bronchiolar  epithelium  (NBE)  and  tumor  tissues  obtained  from  50  formalin-fixed  lung 
adenocarcinomas,  including  24  EGFF-mutant  primary  tumors  with  nine  corresponding  lymph 
node  metastases  and  26  wild-type  primary  tumors.  NBE  in  12  of  24  (50%)  mutant  and  3  of  26 
(12%)  wild-type  tumors  harbored  EGFR  mutations;  these  NBE  also  showed  a  lack  of  EGFR 
copy  number  increase  and  frequent  EGFR  (69%)  and  phosphorylated  EGFR  (33%)  overex¬ 
pression.  EGFR  mutation  and  protein  overexpression  were  more  frequent  in  NBE  sites  within 
tumors  than  in  NBE  sites  adjacent  to  and  distant  from  tumors,  suggesting  a  localized  field 
effect.  Sites  with  high  and  low  EGFR  copy  numbers  were  heterogeneously  distributed  in  six 
of  nine  primary  tumors  and  in  one  of  eight  metastases.  EGFR  protein  overexpression  was  sig¬ 
nificantly  higher  in  metastasis  sites  than  in  primary  tumors.  We  conclude  from  our  findings  that 
EGFR  mutations  and  protein  overexpression  are  early  phenomena  in  the  pathogenesis  of  lung 
adenocarcinoma  and  that  EGFR  mutation  precedes  an  increase  in  gene  copy  number.  In 
EGFF-mutant  adenocarcinoma  metastases,  the  higher  levels  of  EGFR  overexpression  and 
more  homogeneously  distributed  high  gene  copy  numbers  suggest  tumor  progression.  Our 
findings  have  important  implications  for  the  development  of  new  strategies  for  targeted  che- 
moprevention  and  therapy  in  lung  adenocarcinoma  using  EGFR  inhibitors. 


Epidermal  growth  factor  receptor  (EGFR),  a  tyrosine  kinase 
(TK)  member  of  the  ErbB  family,  has  shown  frequent  abnorm¬ 
alities  in  non-small  cell  lung  carcinomas.  These  abnormalities 
include  protein  overexpression,  gene  amplification,  and  muta¬ 
tion  (1-3).  Somatic  EGFR  mutations  have  been  identified  in 
specific  subsets  of  patients  with  lung  adenocarcinoma,  includ¬ 
ing  never  or  light  smokers,  women,  and  patients  of  East  Asian 
descent  (4).  The  mutations  cluster  in  the  first  four  exons 
(18-21)  of  the  TK  domain  of  the  gene,  and  -90%  of  the  muta¬ 
tions  are  composed  of  either  an  in-frame  deletion  in  exon  19  or 
a  specific  missense  mutation  in  exon  21  (4).  An  increase  in 
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EGFR  gene  copy  number,  including  high  polysomy  and  gene 
amplification  shown  by  fluorescent  in  situ  hybridization 
(FISH),  has  been  detected  in  22%  of  patients  with  surgically 
resected  (stages  I-IIIA)  non-small  cell  lung  carcinomas  and 
correlated  with  EGFR  protein  overexpression  (2).  Higher  fre¬ 
quencies  (40-50%)  of  EGFR  high  copy  number  have  been  re¬ 
ported  in  patients  with  advanced  non-small  cell  lung 
carcinomas  (5-10).  Despite  this  knowledge,  limited  informa¬ 
tion  is  available  on  the  role  of  EGFR  abnormalities  in  the  early 
pathogenesis  and  progression  of  lung  adenocarcinomas. 

Recently,  we  showed  that  mutation  of  the  EGFR  TK  domain 
is  an  early  event  in  the  pathogenesis  of  lung  adenocarcinoma 
and  is  detected  in  histologically  normal  bronchial  and  bronch¬ 
iolar  epithelium  (NBE)  in  43%  of  patients  with  EGFR-mutant 
tumors  (11).  We  found  that  EGFR  mutations  were  more  fre¬ 
quent  in  normal  epithelium  within  the  tumor  (43%)  than  in 
adjacent  sites  (24%),  suggesting  a  localized  field  effect  (11). 
However,  no  comprehensive  information  is  available  regard¬ 
ing  the  role  of  EGFR  abnormalities,  including  gene  mutation, 
increased  copy  number,  and  protein  overexpression  in  the 
early  pathogenesis  and  progression  of  lung  adenocarcinomas. 

Both  EGFR  gene  mutations  and  high  copy  number 
(gene  amplification  and  high  polysomy  identified  by  FISH) 
have  been  associated  with  sensitivity  to  the  small-molecule 
TK  inhibitors  gefitinib  and  erlotinib  in  patients  with  lung 
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adenocarcinoma  (5-18).  However,  some  of  these  results  have 
been  rather  controversial  (9,  10,  19,  20).  In  these  studies  of  ge- 
fitinib  and  erlotinib,  most  of  the  EGFR  mutation  and  copy 
number  analyses  were  done  in  very  small  tissue  samples  or 
in  cytologic  specimens  obtained  from  primary  tumor  and  me¬ 
tastasis  sites  in  patients  with  advanced-stage  lung  cancer  (5-9, 
12-16).  To  date,  no  studies  have  been  done  to  identify  the  char¬ 
acteristics  of  EGFR  gene  and  protein  expression  abnormalities 
at  different  sites  with  respect  to  primary  lung  adenocarcino¬ 
mas  and  in  corresponding  sites  of  metastasis,  information  that 
might  resolve  some  of  the  controversy. 

To  identify  the  sequence  of  EGFR  abnormalities  involved  in 
the  pathogenesis  and  progression  of  lung  adenocarcinoma,  we 
did  a  precise  mapping  analysis  correlating  EGFR  mutation, 
gene  copy  number,  and  protein  expression  in  NBE  fields,  pri¬ 
mary  tumors,  and  corresponding  lymph  node  metastases  that 
were  obtained  from  50  patients  with  lung  adenocarcinomas, 
including  24  patients  with  EGFR-mutant  primary  tumors  with 
nine  corresponding  lymph  node  metastasis  sites  and  26  pa¬ 
tients  with  E GFR-wild-type  primary  tumors. 

Materials  and  Methods 

Case  selection 

To  map  EGFR  gene  and  protein  expression  abnormalities,  we 
obtained  formalin-fixed,  paraffin-embedded  lung  adenocarcinoma  tis¬ 
sue  specimens  from  the  Lung  Cancer  Specialized  Program  of  Research 
Excellence  Tissue  Bank  at  The  University  of  Texas  M.  D.  Anderson 
Cancer  Center  (Houston,  TX).  The  tumor  tissue  specimens  came  from 
50  patients  with  surgically  resected  lung  adenocarcinomas  (tumor- 
node-metastasis  stage  I-IIIA)  with  known  EGFR  mutations  in  exons 
18  to  21,  as  described  previously  (3,  11).  This  bank  was  approved  by 
the  M.  D.  Anderson  Cancer  Center  Institutional  Review  Board. 

Of  these  50  patients,  24  patients  had  lung  adenocarcinoma  with 
EGFR  mutations  in  exon  18  (n  =  1),  exon  19  ( n  =  13),  and  exon  21 
(n  =  10),  and  26  patients  had  EGFR-wild-type  lung  adenocarcinoma. 
The  patients'  clinicopathologic  features  are  summarized  in  Table  1.  All 
lung  adenocarcinomas  were  of  mixed  histologic  subtype  (WHO  clas¬ 
sification;  ref.  21).  None  of  the  patients  had  received  cytotoxic  and/or 
targeted  therapy.  Clinical  staging  was  based  on  the  revised  Interna¬ 
tional  System  for  Staging  Lung  Cancer  (22). 

EGFR  abnormality  mapping 

We  retrospectively  reviewed  H&E-stained  histology  sections  of  pri¬ 
mary  tumor,  lymph  node  metastases,  and  adjacent  normal  lung  tissue 
specimens  to  identify  tissue  foci  available  for  EGFR  abnormality  ana¬ 
lyses.  The  EGFR  abnormalities  included  EGFR  mutations  in  exons  18 
and  21,  as  shown  by  microdissection  and  PCR-based  sequencing; 
EGFR  copy  number,  as  shown  by  FISH;  and  total  EGFR  and  phos- 
phorylated  EGFR  (pEGFR),  as  shown  by  immunohistochemical  ana¬ 
lyses.  Representative  examples  of  these  molecular  changes  are 
illustrated  in  Fig.  1. 

We  used  serial  5-gm-thick  histology  sections  for  the  tissue  microdis¬ 
section,  FISH,  and  immunohistochemical  analyses.  We  identified  a 
total  of  316  noncontiguous  tumor  and  epithelial  foci  from  among  142 
NBE  specimens  (obtained  from  50  patients;  2.84  sites/ patient),  144  pri¬ 
mary  tumors  (from  50  patients;  2.88  sites/ patient),  and  30  lymph  node 
metastases  (from  9  patients;  3.3  sites /patient).  We  examined  NBE  and 
primary  tumors  in  both  EGFR-mutant  and  EGFR-wild-type  cases  and 
metastasis  sites  in  EGFR-mutant  cases  only.  All  epithelial  foci  consisted 
of  normal  or  mildly  hyperplastic  epithelia  that  harbored  small  bronchi 
(65  sites)  and  bronchioles  (77  sites). 

The  NBE  specimens  were  obtained  from  three  different  locations 
based  on  their  relationship  to  the  tumors:  within  the  tumor  (47  sites), 
<5  mm  from  the  tumor  margin  (adjacent  to  tumor;  63  sites),  and 


Table  1.  Clinicopathologic  features  of  patients  with 
lung  adenocarcinomas  examined  for  EGFR 
abnormalities  in  tumors  and  adjacent  normal 
epithelium 


Features/samples 

EGFR  status 

Mutant 
(n  =  24) 

Wild-type 
(n  =  26) 

Total 
(#7  =  50) 

Mean  age  (y) 

61.3 

62.7 

62.1 

Gender 

Female 

19  (79%) 

13  (50%) 

32 

Male 

5  (21  %) 

13  (50%) 

18 

Ethnicity 

East  Asian 

13  (54%) 

9  (35%) 

22 

Not  East  Asian 

11  (56%) 

17  (65%) 

28 

Smoking  history 

Never 

16  (67%) 

9  (35%) 

25 

Former 

7  (29%) 

10  (38%) 

17 

Current 

1  (4%) 

7  (27%) 

8 

Stage  of  disease 

1 

11  (46%) 

15  (58%) 

26 

II 

5  (21  %) 

4  (15%) 

9 

IIIA 

8  (33%) 

7  (27%) 

15 

>5  mm  from  the  tumor  margin  ("distant"  lung;  32  sites).  We  did  not 
detect  squamous  metaplastic  or  dysplastic  lesions  in  the  bronchial 
structures  or  atypical  adenomatous  hyperplasias  in  the  alveolar  tis¬ 
sue.  We  identified  small  bronchi  on  the  basis  of  well-defined  smooth 
muscle  and  discontinuous  cartilage  layers.  Bronchioles  were  defined 
as  small  conducting  airways  lacking  well-defined  smooth  muscle 
wall  or  cartilage  layers.  We  assessed  the  location  of  the  small  bron¬ 
chial  and  bronchiolar  respiratory  epithelium  examined  for  EGFR  ab¬ 
normalities  based  on  the  epithelia's  location  in  relation  to  the  tumor 
tissue  in  the  corresponding  histology  sections,  as  previously  de¬ 
scribed  (11). 

Microdissection  and  DNA  extraction 

Approximately  1,000  cells  were  precisely  microdissected  from 
8-gm-thick,  H&E-stained,  formalin-fixed,  paraffin-embedded  histol¬ 
ogy  sections  for  each  site  using  laser  capture  microdissection  (Arc- 
turus  Engineering  Laser  Capture  Microdissection  System;  MDS 
Analytical  Technologies),  as  previously  described  (11).  To  prevent 
the  nonspecific  binding  of  the  mutant  cells  to  the  microdissection 
cap  film,  the  microdissected  tissue  samples  were  redissected  from 
the  film  under  stereomicroscope  visualization  using  fine  needles 
(25-gauge  5/8-inch  needles).  We  then  extracted  the  DNA  using 
25  gL  of  PicoPure  DNA  Extraction  solution  containing  proteinase  K 
and  incubated  the  DNA  at  65°C  for  20  h.  Subsequently,  proteinase  K 
was  inactivated  by  heating  samples  at  95°C  for  10  min. 

EGFR  mutation  analysis 

Exons  18  and  21  of  EGFR  were  PCR-amplified  using  DNA  ex¬ 
tracted  from  microdissected  NBE  and  tumor  cells,  as  previously  de¬ 
scribed  (3,  11).  Each  PCR  was  done  using  HotStarTaq  Master  Mix 
(Qiagen)  for  40  cycles  at  94°C  for  30  s,  63°C  for  30  s,  and  72°C  for 
30  s,  followed  by  a  7-min  extension  at  72°C.  PCR  products  were 
directly  sequenced  using  the  Applied  Biosystems  PRISM  dye  termi¬ 
nator  cycle  sequencing  method  (Perkin-Elmer  Corp.).  We  confirmed 
all  sequence  variants  by  independent  PCR  amplifications  from  at 
least  two  independent  microdissections  and  sequenced  the  variants 
in  both  directions. 
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EGFR  FISH  analysis 

We  analyzed  the  gene  copy  number  per  cell  using  the  LSI  EGFR 
SpectrumOrange/CEP  7  SpectrumGreen  Probe  (Abbott  Molecular), 
as  previously  described  (5).  Histology  sections  were  incubated  at 
56°C  overnight  and  deparaffinized  by  washing  in  CitriSolv  (Fisher 
Scientific).  After  incubation  in  2x  SSC  buffer  (pH  7.0)  at  75°C  for  15 
to  25  min,  the  histology  sections  were  digested  with  proteinase  K 
(0.25  mg/mL  in  2x  SSC)  at  37°C  for  15  to  25  min,  rinsed  in  2x  SSC 
(pH  7.0)  at  room  temperature  for  5  min,  and  dehydrated  using  ethanol 
in  a  series  of  increasing  concentrations  (70%,  85%,  100%).  We  applied 
the  EGFR  SpectrumOrange/CEP  7/ SpectrumGreen  probe  set  (Abbott 
Molecular)  onto  the  selected  area,  according  to  the  manufacturer's 
instructions,  on  the  basis  of  the  tumor  foci  seen  on  each  slide.  We  then 
covered  the  hybridization  area  with  a  glass  coverslip  and  sealed  the 
coverslip  with  rubber  cement.  The  slides  were  incubated  at  80°C  for 
10  min  for  codenaturation  of  chromosomal  and  probe  DNA  and  then 
placed  in  a  humidified  chamber  at  37°C  for  20  to  24  h  to  allow  hybri¬ 
dization  to  occur.  Posthybridization  washes  were  done  in  1.5  mol/L  of 
urea  and  0.1  x  SSC  (pH  7.0-7.5)  at  45°C  for  30  min  and  in  2x  SSC  for 
2  min  at  room  temperature.  After  the  samples  were  dehydrated  in  a 
series  of  increasing  ethanol  concentrations,  4',6/-diamidino-2-pheny- 
lindole  (0.15  mg/mL  in  Vectashield  Mounting  Medium;  Vector 
Laboratories)  was  applied  for  chromatin  counterstaining.  FISH  analy¬ 
sis  was  done  independently  by  two  authors  (M.  Varella-Garcia  and  A. 
C.  Xavier),  who  were  blinded  to  the  patients'  clinical  characteristics 
and  all  other  molecular  variables.  Patients  were  classified  into  six 
FISH  strata  according  to  the  frequency  of  cells  with  the  EGFR  gene 


copy  number  and  referred  to  the  chromosome  7  centromere,  as  fol¬ 
lows:  (a)  disomy  (  >3  copies  in  <10%  of  cells);  ( b )  low  trisomy  (3  copies 
in  10%  to  40%  of  the  cells,  >4  copies  in  <10%  of  cells);  (c)  high  trisomy 
(3  copies  in  >40%  of  cells,  >4  copies  in  <10%  of  cells);  ( d )  low  polys- 
omy  (>4  copies  in  10-40%  of  cells);  ( e )  high  polysomy  (>4  copies  in 
>40%  of  cells);  and  (f)  gene  amplification  (ratio  of  EGFR  gene  to  chro¬ 
mosome  >2,  presence  of  tight  EGFR  gene  clusters  and  15  copies  of 
EGFR  per  cell  in  10%  of  the  analyzed  cells).  The  high  polysomy  and 
gene  amplification  categories  were  considered  to  be  high  EGFR  copy 
number,  and  the  other  categories  were  considered  to  be  nonincreased 
EGFR  copy  number,  as  previously  published  (5).  Analysis  was  done  in 
approximately  50  nuclei  per  tumor  and  epithelial  site,  and  the  section 
of  the  area  was  guided  by  image  captured  in  the  H&E-stained  section. 

Immunohistochemical  staining 

Tissue  histology  sections  for  immunohistochemical  analyses  were 
deparaffinized,  hydrated,  heated  in  a  steamer  for  10  min  with 
10  mmol/L  of  sodium  citrate  (pH  6.0)  for  antigen  retrieval,  and 
washed  in  Tris  buffer.  Peroxide  blocking  was  done  with  3%  H202 
in  methanol  at  room  temperature  for  15  min,  followed  by  10%  bovine 
serum  albumin  in  TBS  with  Tween  20  for  30  min  at  room  tempera¬ 
ture.  For  the  EGFR  analysis,  tissue  sections  were  incubated  for  2  h 
with  primary  antibodies  against  the  EGFR  clone  31G7  (1:100  dilution; 
Zymed)  and  pEGFR  Tyr  1086  (1:100  dilution;  Invitrogen).  Tissue  sec¬ 
tions  were  then  incubated  for  30  min  with  the  secondary  antibody 
(EnVision+  Dual  Link  labeled  polymer;  DAKO),  after  which  diamino- 
benzidine  chromogen  was  applied  for  5  min.  The  slides  were  then 
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Fig.  1.  A  representative  case  of  EGFF?- mutant  lung  adenocarcinoma:  EGFR  gene  and  protein  expression  abnormalities  in  NBE  ( A-E ),  primary  tumor  ( F-J ),  and 
lymph  node  metastasis  ( K-O )  sites.  Histologic  characteristics  [A,  F,  and  K)  of  tissue  sections  stained  with  H&E  (magnification,  x100).  PCR-based  EGFR  sequencing 
( B ,  G  and  L)  of  the  same  EGFR  mutation  in  exon  21  (L858R,  black  arrowhead)  in  NBE  (B),  primary  tumor  (G),  and  lymph  node  metastasis  sites  ( L ).  EGFR  FISH  analysis 
(C,  H  and  M)  of  low  trisomy  (low  copy  number)  in  the  NBE  sample  (C),  high  polysomy  in  the  primary  tumor  site  (H),  and  gene  amplification  ( M)  in  the  metastasis  site. 
Immunohistochemical  analysis  (D,  I,  N,  E,  J,  and  O)  of  high  EGFR  and  pEGFR  expression  in  the  membrane  and  cytoplasm  in  all  three  types  of  samples. 
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Table  2.  Frequency  of  EGFR  gene  mutation  and  protein  overexpression  in  histologically  normal  bronchial  and 
bronchiolar  epithelium  obtained  from  EGFR-mutant  and  wild-type  lung  adenocarcinomas 


EGFR  abnormality  in  NBE 

Cases 

Sites 

Mutant 

Wild -type 

Total 

Mutant 

Wild-type 

Total 

Mutation  by  sequencing 

Number 

24 

26 

50 

85 

57 

142 

Mutant 

12  (50%)* 

3  (12%)* 

15  (30%) 

22  (26%) 

8  (14%) 

30  (21%) 

Protein  overexpression  by  immunohistochemistryt 

Number 

23 

26 

49 

78 

56 

134 

EGFR 

19  (83%) 

15  (58%) 

34  (69%) 

52  (67%) 

35  (63%) 

87  (65%) 

pEGFR 

10  (44%) 

6  (23%) 

16  (33%) 

24  (31  %) 

12  (21%) 

36  (27%) 

*P  =  0.003. 

tPositive  immunohistochemical  overexpression  score  >200  (range,  0-400). 


counterstained  with  hematoxylin  and  topped  with  a  coverslip.  For 
EGFR  and  pEGFR  expression,  antibody  specificity  was  confirmed 
using  blocking  peptide  and  phosphatase  incubation  experiments. 
For  the  control  experiments,  we  used  formalin-fixed  and  paraffin-em¬ 
bedded  pellets  from  lung  cancer  cell  lines  with  confirmed  EGFR  and 
pEGFR  overexpression.  Thyroid  transcription  factor-1  (TITF-1)  anti¬ 
body  (1:100  dilution.  Cell  Marque)  was  used  for  the  identification 
of  TITF-l-positive  cells.  All  four  antibodies  were  incubated  for 
1.5  h  at  room  temperature.  Immunohistochemistry  results  were 
scored  jointly  by  two  authors  (X.  Tang  and  I.I.  Wistuba),  who  were 
blinded  to  clinical  and  other  molecular  variables.  Immunostaining  of 
the  cell  membrane  and  cytoplasm  for  EGFR  and  pEGFR  was  evalu¬ 
ated  by  light  microscopy  (magnification,  x20).  A  semiquantitative 
approach  was  used  to  generate  a  score  for  each  tissue  site,  as  pre¬ 
viously  described  (2,  23,  24).  Membrane  and  cytoplasm  stains  were 
recorded  separately.  We  defined  the  intensity  score  as  follows:  0,  no 
appreciable  staining  in  the  NBE  or  malignant  cells;  1,  barely  detect¬ 


able  staining  in  NBE  or  malignant  cells  compared  with  the  stromal 
elements;  2,  readily  appreciable  staining;  3,  dark  brown  staining  of 
cells;  and  4,  very  strong  staining  of  cells.  The  score  was  also  based 
on  the  fraction  of  cells  showing  a  given  staining  intensity  (0-100%). 
We  calculated  the  immunohistochemical  scores  by  multiplying  the  in¬ 
tensity  and  extension,  and  the  scores  ranged  from  0  to  400.  For  the 
statistical  analyses,  scores  of  0  to  200  signified  negative /low  expres¬ 
sion,  and  scores  >200  indicated  positive /overexpression,  as  pre¬ 
viously  reported  (2,  23,  24).  For  the  evaluation  of  nuclear  TITF-1 
immunohistochemical  expression,  200  epithelial  cells  were  quantified 
by  light  microscopy  (magnification,  x20),  and  a  score  (range,  0-100) 
expressing  the  percentage  of  positive  cells  was  obtained. 

Statistical  analysis 

All  relationships  between  categorical  variables  were  assessed  using 
%2  and  Fisher's  exact  tests.  P  <  0.05  values  were  considered  statistically 
significant. 


Table  3.  EGFR  mutation  and  protein  overexpression  in  histologically  normal  epithelium  by  location 


EGFR  abnormality  in  NBE 

Location  in  relation  to  the  tumor 

Structure 

Inside 

Adjacent 

Distant 

Bronchiole 

Small  bronchus 

Mutation 

Mutant  tumor 

11/31  (36%)* 

10/35  (29%) 

1/17  (6%)* 

10/43  (23%) 

12/42  (29%) 

Wild-type  tumor 

2/15  (13%) 

3/28  (11%) 

1/15  (7%) 

4/34  (12%) 

2/23  (9%) 

All  tumors 

13/46  (28%) 

13/63  (21%) 

2/32  (6%) 

14/77  (19%) 

14/65  (22%) 

EGFR  overexpression* 

Mutant  tumor 

24/29  (83%)* 

20/33  (61%)* 

8/16  (50%)* 

18/38  (47 %)§ 

34/40  (85%)® 

Wild-type  tumor 

10/15  (67%) 

17/28  (61%) 

8/13  (62%) 

14/33  (42%)® 

21/23  (91%)® 

All  tumors 

34/44  (77%) 

37/61  (61%) 

16/29  (55%) 

32/71  (45%)® 

55/63  (87%)® 

pEGFR  overexpression1" 

Mutant  tumor 

13/29  (45%) 11 

5/33  (15%)" 

6/16  (38%)" 

10/38  (26%) 

14/40  (35%) 

Wild-type  tumor 

5/15  (33%) 

5/28  (18%) 

2/13  (15%) 

2/33  (6%)® 

10/23  (44%)® 

All  tumors 

18/44  (41%) 

10/61  (16%) 

8/29  (28%) 

12/71  (17%)11 

24/63  (38%)11 

Comparison  of  NBE  from  inside  tumor  vs.  NBE  distant  (P  =  0.02). 

"^Positive  immunohistochemical  overexpression  score  >200  (range  0-400). 
Comparison  of  NBE  from  inside  tumor  vs.  NBE  adjacent  +  distant  (P  =  0.02) 
Comparison  of  NBE  from  bronchiole  vs.  small  bronchus  (P  <  0.001). 
Comparison  of  NBE  from  inside  tumor  vs.  NBE  adjacent  +  distant  (P  =  0.038). 
Comparison  of  NBE  from  bronchiole  vs.  small  bronchus  (P  =  0.006). 
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Results 

EGFR  abnormalities  in  the  early  pathogenesis  of  lung 
adenocarcinomas 

Patterns  of  EGFR  mutation  in  NBE.  We  previously  reported 
our  finding  of  mutations  in  exons  19  and  21  of  EGFR  in  at  least 
one  site  of  microdissected  NBE  obtained  from  lung  cancer 
specimens  from  9  of  21  (43%)  patients  with  EGFR- mutant 
adenocarcinomas,  with  no  such  mutations  found  in  any  of  26 
respiratory  epithelium  foci  from  16  patients  with  wild-type 
tumors  (11).  In  the  present  study,  using  the  same  methodol- 


ogy,  we  analyzed  for  EGFR  mutation  in  NBE  obtained  from 
an  additional  3  patients  with  an  EGFR- mutant  and  10  patients 
with  EGFR-wild-type  lung  adenocarcinomas.  Combining 
both  data  sets,  the  overall  rate  of  mutation  in  NBE  from 
EGFR- mutant  tumors  was  50%.  In  the  wild-type  tumor  cases, 
we  detected  EGFR  exon  19  deletions  (15  bp,  746-750)  in  six 
sites  of  small  bronchial  (n  =  4)  and  bronchiolar  (n  =  2)  NBE 
obtained  from  three  wild-type  tumors  (Table  2).  Thus,  an 
EGFR  mutation  was  found  in  NBE  in  3  of  26  (12%)  wild-type 
adenocarcinomas  and  in  8  of  57  (14%)  of  the  microdissected 
epithelial  sites  (Table  2). 
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Cases  with  Identical  Copy  Number  Pattern 

2  /  9  (22%) 

3  /  8  (38%) 

Cases  with  Only  High  Copy  Number  Category 

3  /  9  (33%) 
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Sites  with  High  Copy  Number 
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25  /  29  (86%) 
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Fig.  2.  A  EGFR  mutation  pattern  in  56  primary  tumor  and  30  lymph  node  metastasis  sites  obtained  from  nine  patients  with  EGFF-mutant  lung  adenocarcinomas. 
A  homogeneous  mutation  pattern  was  detected  in  five  primary  tumors  (cases  2,  3,  4,  7,  and  9)  and  all  but  one  (case  6)  metastasis  case.  Case  6,  mixed  wild-type 
and  mutant  sites  in  both  primary  tumor  sites  and  corresponding  metastases.  B,  EGFR  copy  number  pattern  shown  by  FISH  in  42  primary  tumor  and  29  lymph 
node  metastasis  sites  obtained  from  nine  patients  with  EGFF-mutant  lung  adenocarcinomas.  Different  FISH  copy  number  categories  (low  vs.  high)  were  found  in 
six  of  nine  primary  tumors  and  in  one  of  eight  corresponding  metastases.  Positive  EGFR  FISH  expression  included  high  polysomy  and  gene  amplification,  and 
negative  EGFR  FISH  expression  included  disomy  and  trisomy. 
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Table  4.  Summary  of  EGFR  abnormalities  by  sites 
in  nine  primary  lung  adenocarcinomas  and 
corresponding  lymph  node  metastases 


EGFR  abnormality/ 
number  of  sites 

Primary  tumor 

Metastases 

Mutation 

Number  of  sites  examined 

56 

30 

Mutation  positive 

54  (96%)* 

25  (83%)* 

Copy  no. 

Number  of  sites  examined 

42 

29 

Low  copy  no. 

9  (21  %) 

4  (14%) 

High  copy  no. 

33  (79%) 

25  (86%) 

High  polysomy 

22  (52%) 

18  (62%) 

Gene  amplification 

11  (26%) 

7  (24%) 

Protein  overexpression1" 

Number  of  sites  examined 

65 

31 

EGFR 

42  (65%)* 

30  (97%)* 

pEGFR 

9  (14%)§ 

21  (68%)® 

*The  same  case  harbored  two  primary  tumor  and  five  metastasis 
sites  with  EGEE-wild-type  sequence. 

f  Positive  immunohistochemical  expression  score  >200  (range 
0-400). 

^Primary  tumor  vs.  metastasis  (P  =  0.02). 

§Primary  tumor  vs.  metastasis  {P  =  0.00001). 


The  combined  data  showed  that  NBE  with  mutant  EGFR 
was  detected  in  the  small  bronchi  (13  of  64,  20%)  and  bronch¬ 
ioles  (17  of  78,  22%)  of  both  mutant  and  wild-type  tumor 
cases.  Overall,  however,  the  mutation  frequency  was  higher 
in  NBE  samples  microdissected  from  within  the  tumor  (13  of 
47,  28%)  than  in  samples  obtained  from  adjacent  tissue  and 
tissue  distant  from  the  tumors  (17  of  95,  18%;  Table  3). 

In  our  previously  reported  comparison  of  NBE  and  corre¬ 
sponding  tumors  (16  specimens),  we  always  observed  identi¬ 


cal  EGFR  mutations  in  both  sites  examined  (11).  In  this  study, 
we  have  expanded  the  number  of  NBE  sites  ( n  =  85)  examined 
for  the  mutation  in  patients  with  EGFR- mutant  adenocarcino¬ 
mas  and  detected  five  sites  (6%)  from  three  cases  in  which 
NBE  showed  mutations  different  from  the  ones  detected  in 
the  corresponding  tumor  specimens  (data  not  shown).  Impor¬ 
tantly,  in  all  cases  with  a  mutation  in  NBE,  an  identical  muta¬ 
tion  was  detected  in  at  least  one  site  of  the  corresponding 
tumor  specimen.  Thus,  in  this  expansion  of  our  previous 
study  (11),  a  relatively  more  heterogeneous  EGFR  mutation 
pattern  of  the  respiratory  field  was  detected  in  NBE  microdis¬ 
sected  from  mutant  lung  adenocarcinomas,  but  most  NBE  and 
corresponding  tumors  shared  the  same  mutation. 

EGFR  copy  number  and  correlation  with  gene  mutation  in 
NBE.  To  determine  the  morphologic  stage  at  which  EGFR  copy 
abnormalities  arise  in  EGFR-mutant  adenocarcinomas,  we  did 
a  precise  mapping  analysis  and  examined  EGFR  copy  number 
in  21  NBE  sites  obtained  from  nine  mutant  adenocarcinomas 
using  FISH.  All  nine  tumor  specimens  showed  at  least  one  site 
with  a  high  copy  number.  These  epithelial  sites  were  also  exam¬ 
ined  in  the  EGFR  mutation  analysis.  Most  NBE  (14  of  21,  67%) 
showed  no  EGFR  FISH  abnormalities  (disomy),  including  four 
EGFR-mutant  sites  with  exon  19  (15  bp)  deletions  and  exon  21 
(L858R)  point  mutations.  Trisomy  was  detected  in  seven  (33%) 
NBE  sites  obtained  from  six  (67%)  cases.  We  did  not  identify 
any  NBE  with  EGFR  amplifications  or  a  high  level  of  polysomy, 
which  have  been  defined  as  high  gene  copy  number.  In  con¬ 
trast,  the  nine  tumors  mapped  showed  significantly  higher  fre¬ 
quency  of  EGFR  amplification  (11  of  42  sites,  26%;  F  <  0.018)  or  a 
high  level  of  polysomy  (22  of  42, 52%;  F  <  0.001)  compared  with 
NBE.  Our  findings  indicate  that  high  EGFR  copy  number  does 
not  occur  in  peripheral  NBE  in  EGFR-mutant  lung  adenocarci¬ 
nomas  and  that  gene  mutations  precede  copy  number  abnorm¬ 
alities  in  the  sequential  pathogenesis  of  these  tumors. 

EGFR  immunohistochemical  expression  and  correlation 
with  gene  mutation  in  NBE.  We  evaluated  the  level  of  EGFR 
and  pEGFR  protein  expression  in  134  NBEs  obtained  from 
FGFR-mutant  and  wild-type  lung  adenocarcinomas.  Overall,  a 


Fig.  3.  Proposed  sequence  of  EGFR 
abnormalities  occurring  in  the  early 
pathogenesis  and  progression  of 
EGFR-mutant  lung  adenocarcinomas. 
NBE  field,  primary  tumor,  and  metastasis 
sites.  Small  circles,  NBE,  which  acquires 
EGFR  mutations  and  EGFR  protein 
(total  and  phosphorylated)  overexpression 
{gray  circles).  In  the  primary  tumor  stage, 
the  EGFR  copy  number  increases  (high 
polysomy  and  gene  amplification)  in 
small  tumor  foci  {striped  ovals).  In  the 
metastasis  site,  tumor  cells  show  both 
EGFR  mutation  and  high  copy  number 
throughout  most  of  the  lesion. 


Normal 

Epithelium  Field 

/o  o 


,o  O 


o 

NBE , 


o 

t 


Mutation 

Protein 

Overexpression 


Primary 

Tumor 


o 


.Tumor 


t 


Increased  Copy 
Number 


Metastasis 


www.aacrjournals.org  197  Cancer  Prev  Res  2008;1  (3)  August  2008 

Downloaded  from  cancerpreventionresearch.aacrjournals.org  on  July  29,  201 1 
Copyright  ©  2008  American  Association  for  Cancer  Research 


DOI :  10.1 158/1 940-6207. CAPR-08-0032 


Cancer  Prevention  Research 


high  level  of  EGFR  (69%)  and  a  moderate  level  of  pEGFR  (33%) 
expression  were  detected  in  NBE  from  patients  with 
tumors  (Table  2).  However,  EGFR  and  pEGFR  were  expressed 
to  a  greater  degree  in  NBE  sites  obtained  from  patients  with 
EGFR-mutant  tumors  than  in  patients  with  wild-type  tumors 
(Table  2),  although  these  differences  were  not  statistically  signif¬ 
icant.  The  frequency  of  EGFR,  but  not  of  pEGFR,  overexpression 
was  higher  in  E GER-wild-type  NBE  sites  (85  of  111,  77%)  than  in 
mutant  sites  (14  of  24,  58%;  P  =  0.039).  Of  interest,  NBE  located 
inside  tumors  showed  the  highest  frequency  of  EGFR  and 
pEGFR  overexpression  compared  with  NBE  located  adjacent 
to  and  distant  from  tumors,  especially  in  EGFR-mutant  tumors 
(Table  3).  Small  bronchi  also  showed  a  higher  frequency  of  over¬ 
expression  of  both  markers  compared  with  bronchioles  (Table 
3).  Thus,  the  overexpression  of  EGFR  and  pEGFR  is  a  common 
event  in  NBE  from  patients  with  lung  adenocarcinomas,  espe¬ 
cially  in  EGFR-mutant  tumors,  and  shows  a  localized  field  phe¬ 
nomenon  effect  similar  to  gene  mutation. 

TITF-1  immunohisto chemical  expression  and  EGFR  muta¬ 
tion  in  NBE.  Recently,  on  the  basis  of  immunohistochemical 
findings  of  higher  levels  of  nuclear  TITF-1  expression,  a  crucial 
transcription  factor  of  the  lung,  in  EGFR-mutant  lung  adeno¬ 
carcinomas  compared  with  in  wild-type  tumors,  it  has  been 
suggested  that  EGFR-mutant  lung  adenocarcinoma  originates 
from  the  terminal  respiratory  unit  (25),  which  is  composed  of 
alveolar  cells  and  nonciliated  bronchiolar  epithelium.  Its  char¬ 
acteristics  are  highlighted  by  the  expression  of  TITF-1  (25).  We 
therefore  investigated  the  correlation  between  EGFR  mutation 
and  TITF-1  nuclear  expression  in  tumor  and  normal  epithe¬ 
lium  sites.  EGFR-mutant  lung  adenocarcinomas  (18  of  20 
cases,  90%)  showed  higher  expression  of  TITF-1  than  did 
wild-type  tumors  (10  of  26  cases,  38%;  P  <  0.001).  However, 
in  immunohistochemical  studies,  we  did  not  see  a  significant 
difference  in  the  frequency  of  TITF-1  expression  between 
EGFR-mutant  (11  of  25  sites,  44%)  and  EGFR-wild-type  (34 
of  105  sites,  33%;  P  =  0.273)  respiratory  epithelia.  Our  findings 
therefore  indicate  that  NBE  cells  expressing  TITF-1  are  not  the 
exclusive  precursors  of  EGFR-mutant  adenocarcinomas.  From 
these  results,  it  is  clear  that  these  tumors  do  not  originate  ex¬ 
clusively  from  terminal  respiratory  unit  structures. 

EGFR  abnormalities  in  the  progression  of  lung 

adenocarcinomas 

EGFR  mutation  pattern  in  primary  tumors  and  correspond¬ 
ing  metastasis.  To  identify  the  characteristics  of  EGFR 
abnormalities  in  the  progression  of  mutant  lung  adenocarci¬ 
nomas,  we  examined  EGFR  gene  mutation,  gene  copy  num¬ 
ber,  and  protein  expression  in  primary  tumors  and 
corresponding  metastases  by  performing  a  detailed  mapping 
analysis  of  tumor  specimens.  For  this  study,  we  selected  nine 
lung  adenocarcinomas  with  known  EGFR  mutations  in  exon 
19  ( n  =  5)  and  exon  21  ( n  =  4),  and  with  lymph  node 
metastases  for  which  there  was  sufficient  tissue  to  perform 
our  mapping  analysis. 

For  the  mutation  analysis  of  EGFR  exons  19  and  21,  we  did 
precise  tissue  microdissection  from  noncontiguous  primary 
tumor  foci  (n  =  56  sites,  6.2  sites/tumor;  range  2-11  sites)  con¬ 
taining  at  least  1,000  cells.  Surprisingly,  four  of  the  nine  pri¬ 
mary  tumorsexamined  showed  mixed  EGFR  gene  patterns 
(Fig.  2A):  three  showed  two  or  more  types  of  mutations, 
and  one  showed  five  sites  with  exon  19  (15  bp,  746-750)  dele¬ 


tion  and  two  sites  with  the  wild-type  EGFR  gene.  EGFR  muta¬ 
tion  analysis  of  30  corresponding  lymph  node  metastasis  sites 
from  the  nine  EGFR-mutant  cases  (3.3  sites/case;  range  1-6 
sites)  detected  only  one  type  of  EGFR  mutation  in  all  tumor 
sites  in  each  case,  and  the  mutation  was  always  present  in 
at  least  one  site  of  the  corresponding  primary  tumor.  Similar 
to  the  corresponding  primary  tumor,  one  metastasis  case 
showed  EGFR-wild-type  (five  sites)  and  EGFR-mutant  [one 
site,  exon  19  (15  bp,  746-750)  deletion]  tumor  sites  (Fig.  2A). 
All  these  findings  were  confirmed  by  sequencing  analyses  of 
independently  microdissected  samples.  In  summary,  our  find¬ 
ings  showed  a  relatively  high  level  of  heterogeneity  for  the 
EGFR  mutation,  and  several  tumor  cell  clones  had  mutation 
patterns  in  the  primary  tumor  specimens  that  differed  from 
the  mutation  patterns  in  the  lymph  node  metastasis  sites. 

EGFR  copy  number  abnormalities  in  primary  tumors  and 
corresponding  metastasis.  We  used  FISH  to  investigate  the 
EGFR  gene  copy  number  abnormalities  in  42  primary  tumor 
sites  (2.1  sites/case;  range  2-7  sites)  and  29  metastasis  sites 
(3.2sites/case;  range  1-6  sites),  which  were  also  examined  for 
the  mutation  analysis.  Overall,  all  primary  tumors  and  corre¬ 
sponding  metastases  showed  at  least  one  site  of  high  gene  copy 
number  (high  polysomy  or  gene  amplification;  Fig.  2B).  How¬ 
ever,  six  (67%)  primary  tumor  cases  and  one  (11%)  metastasis 
case  showed  at  least  one  site  without  high  copy  number  (disomy 
in  one  primary  tumor  site,  high  trisomy  in  one  metastasis  site, 
and  low  polysomy  in  seven  primary  and  three  metastasis  sites; 
Fig.  2B).  Thus,  EGFR  copy  number  heterogeneity  was  higher  in 
primary  tumor  sites  than  in  corresponding  metastasis  sites. 

EGFR  immunohistochemical  expression  in  primary  tumors 
and  corresponding  metastasis  sites.  In  the  nine  EGFR-mutant 
lung  adenocarcinoma  cases  mapped  for  EGFR  abnormalities, 
we  examined  both  primary  tumors  and  the  corresponding 
lymph  node  metastases  for  EGFR  and  pEGFR  immunohisto¬ 
chemical  expression.  For  both  tumor  locations  combined,  96 
distinct  tumor  sites  were  examined  (n  =  65  primary  tumor  sites, 
7.2  sites/case;  and  n-  31  metastasis  sites,  3.4  sites/case).  Sig¬ 
nificantly  higher  levels  of  EGFR  and  pEGFR  expression  were 
detected  in  metastasis  sites  compared  with  primary  tumor  sites 
(Table  4).  No  correlation  between  EGFR  and  pEGFR  expression 
and  EGFR  copy  number  status  by  FISH  was  detected. 

Discussion 

Using  a  detailed  molecular  pathology  mapping  strategy,  we 
determined  the  sequence  of  EGFR  abnormalities  in  the  early 
pathogenesis  of  EGFR-mutant  lung  adenocarcinomas  and  iden¬ 
tified  the  pattern  of  EGFR  changes  in  the  progression  of  EGFR- 
mutant  lung  adenocarcinomas  from  primary  tumors  to  lymph 
node  metastasis.  First,  we  showed  that  EGFR  mutations  pre¬ 
cede  gene  copy  number  abnormalities  in  the  pathogenesis  of 
these  tumors  and  that  EGFR  and  pEGFR  immunohistochemical 
protein  expressions  are  frequent  events  in  histologically  normal 
peripheral  bronchial  and  bronchiolar  epithelium  adjacent  to 
lung  adenocarcinomas.  Second,  our  data  indicated  that 
although  primary  lung  adenocarcinomas  show  some  degree 
of  EGFR  gene  copy  number  heterogeneity,  this  phenomenon 
is  rare  in  metastases.  Although  these  findings  can  be  considered 
tumor  progression  phenomena,  they  also  have  important  clin¬ 
ical  implications  from  the  standpoint  of  making  decisions  re¬ 
garding  the  use  of  EGFR  TK  inhibitor  therapy  on  the  basis  of 
the  finding  of  EGFR  gene  abnormalities. 


Cancer  Prev  Res  2008;  1(3)  August  2008  198  www.aacrjournals.org 

Downloaded  from  cancerpreventionresearch.aacrjournals.org  on  July  29,  201 1 
Copyright  ©  2008  American  Association  for  Cancer  Research 


DOI :  10.1 158/1 940-6207. CAPR-08-0032 


EGFR  Abnormalities  in  Lung  Cancer  Pathogenesis 


Despite  the  evidence  showing  that  atypical  adenomatous 
hyperplasia  is  a  precursor  of  peripheral  lung  adenocarcinomas 
(26),  there  is  consensus  that  the  pathogenesis  of  most  adeno¬ 
carcinomas  is  unknown.  Our  previously  reported  findings  of 
an  EGFR  mutation  in  NBE  in  9  of  21  (43%)  patients  with 
EGFR-mutant  adenocarcinomas  indicated  that  the  EGFR  gene 
mutation  is  an  early  event  in  the  pathogenesis  of  lung  adeno¬ 
carcinoma  (11).  In  this  study,  we  have  investigated  normal 
epithelium  from  additional  patients  with  EGFR-mutant  or 
wild-type  lung  adenocarcinomas  and  specifically  have  two 
new  findings  in  this  study;  (a)  we  detected  an  EGFR  mutation 
(exon  19, 15  bp  deletion,  746-751)  in  six  sites  of  small  bronchial 
and  bronchiolar  epithelium  obtained  from  three  patients  with 
wild-type  adenocarcinoma,  and  ( b )  whereas  an  identical  mu¬ 
tation  was  detected  in  the  majority  of  specimens  of  mutant 
normal  epithelium  compared  with  the  corresponding  invasive 
tumor  (75%  of  cases  and  94%  of  sites),  we  found  few  normal 
epithelium  sites  (6%)  in  three  of  12  cases  (25%)  of  EGFR- 
mutant  tumors,  demonstrating  the  existence  of  a  different  mu¬ 
tation  pattern  between  normal  epithelium  and  the  correspond¬ 
ing  invasive  tumor.  All  these  data  reinforce  the  concept  of  a 
field  effect  phenomenon  in  EGFR  mutations  in  lung  adenocar¬ 
cinoma  pathogenesis  that  affects  histologically  normal  bron¬ 
chial  and  bronchiolar  respiratory  epithelia. 

We  have  previously  shown  that  molecular  abnormalities 
occur  in  a  stepwise  fashion  in  the  sequential  pathogenesis  of 
squamous  cell  carcinoma  of  the  lung,  with  molecular  changes 
commencing  in  histologically  normal  bronchial  epithelium  in 
smokers  and  in  patients  with  lung  cancer  (27,  28).  Our  find¬ 
ings  suggest  that  EGFR  abnormalities  also  occur  sequentially 
in  the  early  pathogenesis  of  lung  adenocarcinoma,  with  a  mu¬ 
tation  commencing  in  histologically  normal  epithelium  and  a 
high  EGFR  copy  number  appearing  at  the  invasive  tumor 
stage.  A  recent  report  (29)  of  selective  gene  amplification  of 
the  shorter  allele  of  the  EGFR  intron  1  polymorphism  CA  sim¬ 
ple  sequence  repeat  1,  which  is  the  allele  more  frequently  mu¬ 
tated  in  tumors  harboring  an  EGFR  mutation,  also  suggests 
that  mutations  occur  earlier  than  copy  number  abnormalities 
in  the  pathogenesis  of  lung  adenocarcinoma.  Our  findings  of 
frequent  EGFR  (69%)  and  pEGFR  (33%)  protein  overexpres¬ 
sion  in  normal  distal  bronchial  and  bronchiolar  epithelium 
from  patients  with  either  EGFR-mutant  or  EGFR-wild-type 
lung  adenocarcinomas  indicate  a  field  phenomenon  in  the 
peripheral  airway.  A  relatively  high  frequency  of  EGFR  pro¬ 
tein  expression  has  also  been  reported  in  centrally  located, 
histologically  normal  (42%)  and  hyperplastic  (54%)  bronchial 
epithelium  from  smokers  (23).  In  addition,  our  data  indicate 
that  the  mechanisms  of  protein  overexpression  seem  to  be  un¬ 
associated  with  high  gene  copy  number  and  mutation  in  NBE. 
Other  mechanisms  can  explain  EGFR  overexpression  in  nor¬ 
mal  epithelial  cells,  including  ligand-dependent  up-regulation 
and  activation,  as  well  as  inhibition  of  endocytosis-related 
protein  down-regulation  in  the  cell  membrane  (30). 

Based  on  findings  of  higher  levels  of  immunohistochem- 
ical  expression  of  nuclear  TITF-1,  a  crucial  transcription  fac¬ 
tor  of  the  lung,  in  EGFR-mutant  lung  adenocarcinomas 
compared  with  wild-type  tumors,  it  has  been  suggested  that 
EGFR-mutant  lung  adenocarcinoma  originates  from  the 
terminal  respiratory  unit  (25).  We  found  EGFR  mutations 
in  microdissected  histologically  normal  epithelial  cells  from 
small  bronchi  and  bronchioles,  which  supports  the  concept 


of  adenocarcinomas  arising  from  the  peripheral  lung  airway. 
Our  findings  indicate  that  NBE  cells  expressing  TITF-1  are 
not  the  exclusive  precursors  of  EGFR-mutant  adenocarcino¬ 
mas.  From  this  finding,  it  is  clear  that  these  tumors  do  not 
originate  exclusively  from  terminal  respiratory  unit  struc¬ 
tures.  In  addition,  we  cannot  exclude  the  possibility  that 
common  stem  or  progenitor  cells  for  both  bronchial  and 
bronchiolar  epithelium  bear  EGFR  mutations. 

It  has  been  suggested  that  activating  TK  EGFR  mutations 
are  a  potent  oncogenic  event  by  which  mutant  tumor  cells 
become  physiologically  dependent  on  the  continued  activity 
of  the  phosphorylated  protein  for  the  maintenance  of  their 
malignant  phenotype  (31).  Our  detailed  mapping  analysis 
of  the  EGFR  gene  mutation  and  copy  number  of  multiple 
precisely  microdissected  sites  in  nine  mutant  primary  tu¬ 
mors  and  corresponding  lymph  node  metastases  showed 
an  identical  or  monoclonal  pattern  of  mutation  in  most 
(n  =  5)  primary  tumors  and  all  metastases.  These  findings 
corroborate  the  monoclonal  concept  of  tumor  development 
and  the  monoclonal  evolution  of  metastases  (32,  33).  How¬ 
ever,  two  primary  tumors  lacking  identical  or  monoclonal 
EGFR-mutant  patterns  harbored  different  sizes  of  exon  19 
deletions  (12  versus  15  bp  and  15  versus  18  bp  deletions). 
This  finding  could  be  explained  by  a  tumor  progression  phe¬ 
nomenon  in  which  the  deletion  size  changed  during  the  evo¬ 
lution  of  the  malignancy.  However,  two  very  interesting 
primary  tumors  in  our  study  exhibited  findings  that  chal¬ 
lenged  the  concept  of  the  monoclonal  evolution  of  tumors. 
One  case  showed  a  single  site  with  an  exon  19  (15  bp)  dele¬ 
tion,  whereas  the  remaining  eight  sites  lacked  the  deletion  but 
showed  a  point  mutation  (TTA747CCA)  in  the  same  exon.  Of 
interest,  the  three  metastasis  sites  examined  harbored  the 
most  frequent  mutation  detected  in  the  primary  lung  tumor. 
The  other  case  showed  areas  of  wild-type  and  mutant  EGFR 
in  both  primary  tumors  and  metastases,  a  phenomenon  that 
is  difficult  to  explain  and  suggests  that  molecular  events 
other  than  an  EGFR  mutation  may  be  responsible  for  tumor 
development  in  lung  adenocarcinomas.  These  findings  were 
confirmed  by  the  sequencing  of  independently  microdis¬ 
sected  samples.  In  the  latter  case,  the  finding  of  a  high  EGFR 
copy  number  (high  polysomy)  in  wild-type  tumor  sites  raises 
the  possibility  of  an  alternative  explanation — that  the  wild- 
type  allele  is  preferentially  amplified  in  some  tumor  cells. 
As  a  result,  the  mutant  allele  is  underrepresented  and  is  not 
detectable  by  our  current  sequencing  methodology. 

Retrospective  studies  have  provided  data  suggesting  that 
a  high  EGFR  gene  copy  number  shown  by  FISH  is  associated 
with  treatment  response,  time  to  progression,  and  survival  in 
patients  with  advanced  non-small  cell  lung  carcinoma  trea¬ 
ted  with  EGFR  TK  inhibitors  (5-7,  10,  17).  In  these  studies, 
high  EGFR  copy  number  as  shown  by  FISH  was  defined 
as  true  gene  amplification  or  high  polysomy  with  equal  to 
or  more  than  four  EGFR  copies  in  >40%  of  cells  (5,  34). 
Our  mapping  analysis  of  primary  tumors  and  corresponding 
lymph  node  metastases  in  which  we  used  the  same  EGFR 
FISH  criteria  showed  that  a  frequent  high  copy  number  in 
mutant  tumors  was  the  most  frequent  pattern  detected.  De¬ 
spite  the  fact  that  most  primary  tumor  sites  and  nearly  all 
metastasis  sites  showed  high  copy  numbers,  high  polysomy 
and  gene  amplification  were  heterogeneously  distributed  in 
both  tumor  locations.  More  importantly,  five  of  nine  (56%) 
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primary  tumors  and  one  metastasis  (13%)  showed  one  or 
more  sites  without  an  increased  copy  number  (FISH  nega¬ 
tive).  Similarly,  EGFR  and  pEGFR  immunohistochemical  ex¬ 
pression  was  less  heterogeneous  in  primary  tumors  and 
more  frequent  in  metastases.  Taken  together,  these  data  sug¬ 
gest  that  EGFR  copy  number  analyzed  by  FISH  and  protein 
expression  analyzed  by  immunohistochemistry  in  small  core 
biopsy  or  fine-needle  aspiration  specimens  obtained  from 
primary  tumors,  and  more  rarely  from  metastases,  could 
miss  these  molecular  changes,  especially  if  only  a  small  num¬ 
ber  of  malignant  cells  are  available  for  examination.  In  addi¬ 
tion,  if  the  suggested  presence  of  EGFR  high  copy  number 
correlates  with  sensitivity  to  EGFR  TK  inhibitors  (5-7,  17), 
it  is  likely  that  metastases  will  show  a  better  response  to 
therapy  than  will  primary  tumors.  This  is  an  important  con¬ 
sideration,  in  light  of  the  fact  that  the  site  of  origin  (primary 
versus  metastasis)  of  the  tumor  specimen  was  not  reported 
and  factored  into  the  biomarker  analyses  in  any  of  the  clin¬ 
ical  trials  testing  the  efficacy  of  EGFR  TK  inhibitors  in  pa¬ 


tients  with  advanced  non-small  cell  lung  carcinoma  in 
whom  EGFR  copy  number  determined  by  FISH  was  exam¬ 
ined  as  a  predictor  of  response  and  prognosis  (5-7).  Our  re¬ 
sults  show  that  a  better  understanding  of  the  pattern  of 
molecular  abnormalities  and  their  corresponding  biomarker 
expression,  including  primary  tumors  and  the  frequent  me¬ 
tastases  seen  for  this  tumor  type,  is  important  in  lung  cancer. 

In  summary,  our  data  suggest  that  gene  mutations  and 
protein  overexpression  are  the  earliest  phenomena  in  EGFR- 
mutant  lung  adenocarcinoma,  occurring  at  the  NBE  stage, 
and  that  this  is  followed  by  the  development  of  a  focal  in¬ 
crease  in  copy  number  at  the  tumor  stage  (Fig.  3).  At  the  me¬ 
tastasis  sites,  however,  all  three  abnormalities  were  more 
frequent  than  they  were  in  the  primary  tumors  and  were 
homogeneously  distributed  throughout  the  malignant  cells. 
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Clinicopathologic  Characteristics  of  the  EGFR  Gene 
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Background:  The  authors  sought  to  define  clinicopathologic  fea¬ 
tures  associated  with  mutations  of  the  epidermal  growth  factor 
receptor  (EGFR)  gene  in  non-small  cell  lung  cancer  (NSCLC). 
Methods:  The  authors  evaluated  surgically  resected  NSCLC  tumors 
for  EGFR  (exons  18-21)  and  KRAS  (codons  12-13)  mutations  and 
immunohistochemistry  (EGFR,  phosphorylated-EGFR,  and  HER2/ 
Neu),  and  correlated  results  with  clinical  outcome  and  patient  and 
disease  features.  After  their  analysis  on  159  patients  was  completed, 
they  selected  a  second  cohort  of  Asian  patients  (n  =  22)  and 
compared  EGFR  mutation  results  to  place  of  birth  and  immigration 
to  the  United  States. 

Results:  Of  159  patients,  14  had  EGFR  mutations  and  18  had  KRAS 
mutations.  EGFR  mutations  were  associated  with  adenocarcinoma 
( p  =  0.002),  female  gender  (p  =  0.02),  never- smoking  (p  < 
0.0001),  Asian  ethnicity  (p  =  0.005),  air  bronchograms  (p  =  0.004), 
and  multiple  wedge  resections  (p  =  0.03).  Although  statistical 
significance  was  not  reached,  a  higher  incidence  of  synchronous 
primary  cancers  (36%  versus  17%;  p  =  0.09)  and  a  smaller  median 
tumor  size  (11.8  cm3  versus  24.0  cm3;  p  =  0.24)  were  seen.  There 
was  no  difference  in  disease-free  survival;  however,  median  overall 
survival  in  patients  with  EGFR  mutations  was  shorter  (3.49  versus 
4.29  years;  p  =  0.85).  EGFR  mutation  did  not  correlate  with 
immunohistochemistry.  In  the  second  cohort  of  22  Asian  patients, 
12  (55%)  had  the  mutation.  Of  interest,  there  was  no  geographic 
difference  in  incidence  of  EGFR  mutation.  Asian  women  with  the 
EGFR  mutation  developed  adenocarcinoma  at  an  earlier  age  than 
other  lung  cancer  patients. 

Conclusion:  There  is  a  distinct  clinical  profile  for  NSCLC  patients 
with  the  EGFR  mutation.  However,  this  mutation  does  not  alter 
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disease-free  survival  and  is  likely  attributable  to  an  inherited  sus¬ 
ceptibility  instead  of  an  environmental  effect. 

(JThorac  Oncol.  2006;  1:  231-239) 

The  epidermal  growth  factor  receptor  (EGFR)  has  been  the 
recent  subject  of  great  interest  in  lung  cancer  treatment. 
EGFR  is  overexpressed  in  40  to  80%  of  non-small  cell  lung 
cancer  (NSCLC)  patients  and  regulates  cell  proliferation,  cell 
survival,  angiogenesis,  and  tumor  metastasis.1  Recently,  crit¬ 
ical  mutations  in  the  adenosine  triphosphate  pocket  of  the 
tyrosine  kinase- binding  region  were  reported  in  patients  with 
NSCLC.2’3  These  mutations  are  suspected  to  cause  constitu¬ 
tive  activation  of  the  receptor  and  confer  susceptibility  to 
EGFR  tyrosine  kinase  inhibitors.2  EGFR  exons  18  through  21 
encode  for  structures  around  the  adenosine  triphosphate¬ 
binding  cleft  within  the  tyrosine  kinase  domain.2-5  This  is  the 
binding  area  for  the  EGFR  tyrosine  kinase  small  molecule 
inhibitors  gefitinib  and  erlotinib. 

Based  on  the  prior  studies  (Iressa  Dose  Evaluation  in 
Advanced  Lung  cancer)  using  EGFR  tyrosine  kinase  inhibi¬ 
tors,  approximately  9  to  12%  of  European  patients  and  18  to 
19%  of  Asian  patients  with  NSCLC  experienced  a  tumor 
response  to  these  agents.6’7  Subpopulation  analyses  revealed 
that  responders  were  more  likely  to  be  female  and  nonsmok¬ 
ers  and  to  have  adenocarcinoma  with  bronchioloalveolar 
features.8  However,  more  specific  predictors  of  response  were 
unknown,  as  immunohistochemical  studies  of  EGFR  were 
not  reliable  in  predicting  response  to  therapy.9  The  discovery 
of  EGFR  mutations  in  the  tyrosine  kinase  domain  provides 
some  insight  into  why  only  a  small  proportion  of  patients 
benefit  from  EGFR  targeted  therapy.  We  sought  to  further 
define  the  clinical,  pathologic,  and  biological  features  asso¬ 
ciated  with  the  EGFR  mutation  in  lung  cancer  to  determine 
the  most  likely  population  to  benefit  from  screening  for  the 
mutation. 

MATERIALS  AND  METHODS 

Methodology  and  Case  Selection 

We  evaluated  EGFR  and  KRAS  gene  mutations  in 
archived  frozen  and  paraffin-embedded  NSCLC  tumor  spec¬ 
imens  obtained  from  patients  who  underwent  resection  at  The 
University  of  Texas  M.  D.  Anderson  Cancer  Center.  This 
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retrospective  study  was  approved  by  our  institutional  review 
board.  One  hundred  fifty-nine  tumor  specimens  were  selected 
from  The  University  of  Texas  M.  D.  Anderson  Cancer  Center 
Lung  Specialized  Program  of  Research  Excellence  Tissue 
Bank  based  on  equal  numbers  of  squamous  cell  and  adeno¬ 
carcinoma  histologies.  Patients  with  medical  histories  of 
never-  and  long-term  former  smoking  were  also  selected  to 
increase  the  likelihood  of  locating  tumors  with  the  EGFR 
mutation.  The  EGFR  and  KRAS  mutation  data  from  this  first 
cohort  of  159  patients  have  been  previously  published  as  part 
of  a  larger  series.4 

We  determined  the  association  between  the  mutation 
analysis  results  with  immunohistochemical  expression  of 
EGFR,  phosphorylated  EGFR  (p-EGFR,  Y1086),  and  HER2/ 
Neu.  In  addition,  all  laboratory  results  were  compared  to 
detailed  clinical  and  pathologic  disease  features  and  outcome. 
After  the  analysis  on  the  first  159  patients  was  completed,  we 
selected  a  second  group  of  patients  ( n  =  22)  from  our 
archived  Lung  Specialized  Program  of  Research  Excellence 
Tissue  Bank  based  on  Asian  ethnicity  to  conduct  the  EGFR 
mutation  analysis.  In  this  Asian  cohort,  we  determined  the 
association  between  mutation  status  and  focused  clinical 
information  regarding  smoking  history,  place  of  birth,  and 
time  lived  in  the  United  States  or  Asian  country. 

Clinical  Information  Collection 

Patient  charts  were  reviewed  and  demographic  data 
were  collected,  including  age,  gender,  and  ethnicity.  We  also 
collected  patients’  medical  history,  including  an  extensive 
history  of  previous  cancers  and  cancer  therapies.  A  break¬ 
down  of  aerodigestive  tract  cancers  compared  with  hemato¬ 
logic  and  other  solid  tumors  was  performed.  Extensive  family 
medical  histories,  including  immediate  family  member  can¬ 
cer  histories,  were  obtained.  We  also  collected  data  on  dis¬ 
ease  characteristics  including  pathologic  confirmation  of  pri¬ 
mary  tumor  sites,  areas  of  clinical  metastasis,  histologic 
pattern  (including  extensiveness  of  the  bronchioloalveolar 
component),  level  of  aggressiveness  (lymphatic  or  vascular 
invasion,  extracapsular  invasion,  microscopic  lymph  node 
metastasis,  and  pleural  invasion),  and  tumor  size.  Bronchi¬ 
oloalveolar  carcinoma  was  defined  using  the  2004  World 
Health  Organization  classification  for  lung  cancer10  and  char¬ 
acterized  by  the  growth  of  neoplastic  cells  along  preexisting 
alveolar  structures  without  evidence  of  stromal,  pleural,  or 
vascular  invasion  and  in  the  absence  of  metastasis.  Both 
clinical  and  pathologic  TNM  staging  data  were  obtained. 
Radiographic  clinical  information  before  surgery  was  col¬ 
lected,  including  chest  computed  tomographic  location  of 
tumor,  presence  of  air  bronchograms,  quality  of  tumor  mar¬ 
gins  (smooth  or  ill-defined),  extension  to  pleura,  amount  of 
solid  component  to  the  tumor,  presence  of  pseudocavitation, 
amount  of  pleural  thickening,  and  degree  of  tumor  spicula- 
tion.  Data  on  induction  therapies  used  and  response  were 
tabulated,  as  were  type  of  surgical  resection,  adjuvant  ther¬ 
apy,  and  response  to  adjuvant  therapy.  Information  on  post¬ 
operative  complications  was  also  collected  and  categorized 
into  cardiovascular,  pulmonary,  gastrointestinal,  neurologic, 
hematologic,  or  wound  infection.  The  duration  of  both  dis¬ 


ease-free  and  overall  survival  from  the  time  of  diagnosis  was 
evaluated. 

EGFR  and  KRAS  Mutation  Analysis 

For  the  gene  mutation  analyses,  genomic  DNA  was 
obtained  from  frozen  normal  and  primary  lung  tumor  speci¬ 
mens  by  overnight  digestion  with  sodium  dodecyl  sulfate  and 
proteinase  K  digestion  (Life  Technologies,  Inc.,  Rockville, 
MD)  at  37°C,  followed  by  standard  phenol-chloroform  (1:1) 
extraction  and  ethanol  precipitation.  EGFR  mutation  analysis 
of  four  tyrosine  kinase  domain  exons  (18-21),  that  are 
frequently  mutated  in  lung  cancer  was  performed  using  an 
intron-based  polymerase  chain  reaction  (PCR)  as  previously 
reported.4  All  PCRs  were  carried  out  in  25  /xl  of  solution 
containing  100  ng  of  genomic  DNA  using  HotStarTaq  DNA 
polymerase  (QIAGEN,  Inc.,  Valencia,  CA).  DNA  was  am¬ 
plified  for  33  cycles  at  95°C  for  30  seconds,  65°C  for  30 
seconds,  and  72°C  for  45  seconds,  followed  by  7  minutes’ 
extension  at  72°C.  The  intron-based  PCR  primer  sequences 
for  exon  2  of  KRAS  were  as  previously  published.4  For  the 
KRAS  mutation  analysis,  DNA  was  amplified  for  33  cycles  at 
95°C  for  30  seconds,  55°C  for  30  seconds,  and  72°C  for  30 
seconds,  followed  by  7  minutes’  extension  at  72°C.  All  PCR 
products  were  incubated  using  exonuclease  I  and  shrimp 
alkaline  phosphatase  (Amersham  Biosciences,  Inc.,  Piscat- 
away,  NJ)  and  sequenced  directly  using  Applied  Biosystems 
PRISM  dye  terminator  cycle  sequencing  method  (Perkin- 
Elmer  Corp.,  Foster  City,  CA).  All  sequence  variants  were 
confirmed  by  independent  PCR  amplifications  and  sequenced 
in  both  directions. 

Immunohistochemical  Analysis 

Immunohistochemical  analyses  were  performed  on  for¬ 
malin-fixed,  paraffin-embedded  specimens  from  surgically 
resected  primary  lung  NSCLC.  Tissue  microarrays  were 
prepared  using  1-mm  core  sections  in  triplicate.  Four-micron- 
thick  histology  sections  from  tissue  microarrays  were  pre¬ 
pared  for  immunohistochemical  analysis.  Antibodies  against 
the  EGFR  clone  31G7  (Zymed,  catalog  no.  36-9700),  Her2/ 
Neu  (DAKO  catalog  no.  A0485),  and  p-EGFR  (Tyr  1086; 
Zymed  catalog  no.  36-9700)  were  used  as  the  primary  anti¬ 
bodies.  Tissue  slides  were  baked  at  67°C  for  30  minutes  and 
deparaffinized  in  xylene,  followed  by  graded  alcohol  and  DI 
H20  washes,  and  rehydrated  in  TBS-t  buffer.  Slides  were 
placed  in  10%  DAKO  Target  Retrieval  Solution  10  X  and 
then  steamed  for  30  minutes  in  a  10-mM  sodium  citrate  bath 
(pH  6.0)  at  95°C.  The  bath  and  slides  were  removed  from  the 
steamer  and  cooled  for  30  minutes  until  the  temperature 
reached  50°C.  Endogenous  peroxidase  activity  was  then 
blocked  by  incubating  the  slides  for  15  minutes  in  a  3%  H202 
solution  and  50  /xl  of  Tween-20.  Nonspecific  protein-protein 
interaction  was  blocked  with  the  addition  of  200  /xl  of  10% 
fetal  bovine  serum/protein  block  solution  to  each  slide  for  35 
minutes.  The  primary  antibody  was  then  added  (200  /xl  of 
1:100  dilution  with  10%  fetal  bovine  serum/protein  block 
solution),  and  slides  were  incubated  at  room  temperature  for 
90  minutes.  Slides  were  washed  and  placed  in  a  TBS-t  bath. 
DAKO  Envision  plus  Dual-link  labeled  polymer  was  added 
directly  to  the  slides,  which  were  then  incubated  for  30 
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minutes.  After  the  slides  were  washed,  200  /xl  of  DAKO 
substrate  buffer/DAB  plus  chromogen  substrate  was  added  to 
the  slides,  and  the  slides  were  incubated  for  5  minutes  at 
room  temperature.  Slides  were  immersed  in  H20  to  stop  the 
reaction,  counterstained  in  1:3  diluted  hematoxylin  (DAKO 
catalog  no.  S3301)  for  6  minutes,  and  rinsed  in  H20.  Scott’s 
Bluing  reagent  was  applied  for  1  minute,  followed  by  graded 
alcohol  washes  and  then  xylene  incubation  for  4  minutes. 
Immunostaining  of  the  cell  membrane  and  cytoplasm  for 
EGFR,  p-EGFR,  and  Her2/Neu  was  evaluated  by  light  mi¬ 
croscopy  using  a  20 X  magnification  objective.  A  semiquan- 
titative  approach  was  used  to  generate  a  score  for  each  tissue 
core,  as  previously  described.11  The  percentage  of  positive 
tumor  and  epithelial  cells  per  focus  (0-100%)  was  multiplied 
by  the  dominant  intensity  pattern  of  staining  (1,  negative  or 
trace;  2,  weak;  3,  moderate;  and  4,  intense);  therefore,  the 
overall  score  ranged  from  0  to  400.  Antibody  specificity  was 
confirmed  using  blocking  peptide  and  phosphatase  incubation 
experiments.  For  controls,  we  used  formalin-fixed  and  paraf¬ 
fin-embedded  pellets  from  lung  cancer  cell  lines  with  p- 
EGFR  overexpression  confirmed  by  Western  blot  analysis. 

Statistical  Analysis 

Fisher’s  exact  test  or  the  chi-square  test  was  used  to 
evaluate  the  association  between  EGFR  mutations  and  clini¬ 
cal,  pathologic,  and  demographic  features.  Kaplan-Meier  sur¬ 
vival  curves  were  estimated,  and  the  log-rank  test  was  applied 
to  assess  the  differences  in  survival  distributions  by  EGFR 
mutations  and  clinical  and  pathologic  variables.  The  Cox 
proportional  hazards  model  was  modeled  to  estimate  the 
effect  of  EGFR  mutation,  KRAS  mutation,  and  other  covari¬ 
ates  on  survival. 

RESULTS 

Clinicopathologic  Associations 

Of  our  first  cohort  of  159  patients,  14  had  EGFR 
mutations  and  18  had  KRAS  mutations.  Patient  and  disease 
characteristics  are  summarized  in  Table  1.  Eight  EGFR  mu¬ 
tations  occurred  in  exon  19  (15-  to  18-bp  in- frame  deletions), 
one  occurred  in  exon  20  (exon  20  insertion),  and  five  oc¬ 
curred  in  exon  21  (F858R  point  mutation).  Table  2  provides 
details  on  the  14  patients  with  EGFR  mutations.  Fifteen 
KRAS  mutations  occurred  in  exon  12  and  three  occurred  in 
exon  13.  None  of  the  patients  had  both  EGFR  and  KRAS 
mutations.  EGFR  mutations  were  associated  with  adenocar¬ 
cinoma  histology  (p  =  0.002),  female  gender  (p  =  0.02), 
never-smoker  status  (p  <  0.0001),  and  Asian  ethnicity  (p  = 
0.005).  Four  of  10  adenocarcinomas  with  a  bronchioloalveo¬ 
lar  component  demonstrated  EGFR  mutations  (range,  20- 
50%)  (Figure  1  and  Table  2),  but  none  of  the  patients  with 
pure  bronchioloalveolar  histology  ( n  =  7)  had  an  EGFR 
mutation.  All  EGFR  mutated  lung  adenocarcinomas  where 
mixed  histologic  subtype  (World  Health  Organization  Clas¬ 
sification,  2004),  with  acinar  predominant  component  in  1 1 , 
papillary  in  one,  and  solid  in  two. 

Patients  with  EGFR  mutations  were  more  likely  to  have 
undergone  multiple  wedge  resections  than  were  noncarriers 
(28.5%  versus  7.5%;  p  =  0.03).  No  differences  in  any  other 


type  of  surgical  resection  were  found.  This  was  supported  by 
a  trend  toward  having  synchronous  primary  disease  or  lung 
metastases  in  patients  with  EGFR  mutations  (36%  compared 
with  17%  of  those  without  the  mutation;  p  =  0.09).  Air 
bronchograms  were  the  only  significant  radiographic  findings 
associated  with  the  EGFR  mutations  (22%  versus  2%;  p  = 
0.004),  as  depicted  in  Figure  2. 

There  were  no  differences  between  patients  with  EGFR 
mutations  and  those  without  in  tumor  location,  tumor  margin 
characteristics,  amount  of  extension  to  pleura,  pseudocavita¬ 
tion,  amount  of  solid  tumor  component  within  the  tumors, 
presence  of  spiculation,  or  amount  of  pleural  thickening. 
Although  statistically  not  significant,  the  median  pathologic 
tumor  size  was  smaller  in  patients  with  EGFR  mutations 
(11.8  cm3  versus  24.0  cm3;  p  =  0.24).  There  was  no  associ¬ 
ation  between  EGFR  mutation  and  age;  clinical  or  pathologic 
TNM  stage;  complications  of  surgery;  location  of  the  primary 
tumor;  pathologic  features  of  tumor  aggressiveness;  or  re¬ 
sponse  to  adjuvant  or  neoadjuvant  therapy.  EGFR  mutations 
were  not  associated  with  family  history  of  cancer,  number  of 
immediate  family  members  with  cancer,  or  personal  history 
of  cancer.  Four  of  the  patients  with  EGFR  mutations  had 
prior  cancers:  one  breast  ductal  carcinoma  in  situ,  one  follic¬ 
ular  lymphoma,  one  lung  cancer,  and  one  basal  cell  carci¬ 
noma  of  the  skin. 

We  conducted  a  limited  multivariate  logistic  regression 
analysis  to  determine  the  independent  predictors  for  the 
EGFR  mutation.  This  analysis  determined  that  Asian  ethnic¬ 
ity  (p  =  0.0004),  never-smoking  (p  =  0.0001),  and  multiple 
wedges  (p  =  0.004)  were  the  only  features  that  predicted  for 
the  EGFR  mutation.  However,  this  reduced  model  was  hand¬ 
icapped  by  the  small  number  of  patients  analyzed. 

Survival  Analysis 

The  median  overall  survival  duration  in  patients  with 
EGFR  mutations  was  shorter  than  that  in  patients  without  the 
mutation  (3.49  years  versus  4.29  years).  However,  this  dif¬ 
ference  was  not  statistically  significant  (p  =  0.85)  and  did  not 
account  for  the  effect  of  stage  (Figure  3).  After  adjustment  for 
stage,  the  presence  of  the  EGFR  mutations  did  not  appear  to 
affect  survival  duration,  although  the  number  of  events  was 
small  (figures  not  shown).  A  Cox  proportional  hazard  model 
showed  that  pathologic  stage  independently  determined  out¬ 
come  in  our  population:  a  higher  stage  conferred  a  hazard 
ratio  of  3.54  (p  <  0.0001). 

Selected  Asian  Population  Analysis 

As  we  found  an  association  between  the  EGFR  muta¬ 
tions  and  Asian  ethnicity  in  our  first  patient  cohort,  we 
selected  tissue  samples  from  an  additional  second  cohort  of 
22  Asian  patients  from  the  tissue  bank  for  EGFR  analysis. 
Twelve  patients  (55%)  had  the  mutation  (Table  3).  Detailed 
information  on  patient  ethnicity,  place  of  birth,  and  length  of 
time  they  had  lived  in  the  United  States  was  known  for  20 
patients.  Eleven  of  12  patients  with  EGFR  mutations  were 
bom  in  Far  East  Asian  nations  (three  from  China,  four  from 
Vietnam,  one  from  the  Philippines,  and  three  from  Korea). 
The  one  patient  bom  in  the  United  States  was  of  Greek  and 
Filipino  descent.  Six  of  these  patients  with  the  EGFR  muta- 
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TABLE  1.  Patient  and  Tumor  Characteristics  by  EGFR  Mutation  Status 

Patients  with  EGFR  Mutation  Characteristics 
( n  =  14) 

Patients  without  EGFR  Mutation 

0 n  =  145) 

p  Value 

Age  (yr) 

Mean 

64 

66 

Median 

66 

68 

Range 

45-77 

40-90 

Gender 

Female 

11 

63 

0.02 

Male 

3 

82 

Ethnicity 

African  American 

0 

8 

Asian 

3 

1 

0.005 

White 

10 

129 

Hispanic 

1 

7 

Prior  cancer  history 

Yes 

5 

44 

No 

9 

101 

Smoking  status 

Never 

8 

15 

<0.0001 

Current 

0 

49 

Former 

6 

81 

Histology 

Adenocarcinoma* 

14 

75 

0.002 

Bronchioloalveolar 

0 

7 

Squamous  cell 

0 

63 

Pathologic  stage 

I 

11 

80 

II 

0 

28 

III 

3 

30 

IV 

0 

7 

Synchronous  primary  or  lung  metastasis 

Present 

6 

25 

Absent 

8 

120 

Tumor  size  (cm3) 

Median 

11.8 

24 

Range 

5.1-1080 

0.36-2178 

Overall  survival  (yr) 

Median 

3.49 

4.29 

*Includes  10  adenocarcinomas  with  bronchioloalveolar  features,  four  with  and  six  without  the  EGFR  mutation. 

tion  had  lived  in  the  United  States  for  more  than  28  years,  and 
the  other  six  patients  had  lived  most  of  their  lives  in  Asian 
countries.  Of  the  patients  who  did  not  have  EGFR  mutations, 
all  were  bom  in  Far  East  Asian  countries,  and  more  than  50% 
had  lived  in  the  United  States  for  more  than  20  years  (range, 
21-44  years).  Two  patients  had  never  lived  in  the  United 
States.  Data  on  length  of  time  lived  in  the  United  States  and 
Asia  were  missing  for  two  patients.  In  patients  who  had  lived 
in  the  United  States  for  more  than  20  years  (range,  21-46 
years;  n  =  12)  and  in  patients  who  had  lived  in  their  home 
countries  most  of  their  lives  (n  =  8),  the  incidence  of  EGFR 
mutation  was  similar,  six  of  12  (50%)  and  six  of  eight  (67%), 
respectively. 

The  median  age  at  lung  cancer  diagnosis  was  64  years 
(range,  36-84  years)  for  the  entire  Asian  cohort,  with  equal 


numbers  of  men  and  women.  The  median  age  at  diagnosis  of 
patients  with  EGFR  mutations  was  slightly  lower  than  in 
those  who  did  not  have  the  mutation  (58.6  versus  64  years). 
A  subset  analysis  of  patient  age  and  gender  (Table  4)  showed 
that  the  median  age  of  diagnosis  of  Asian  women  with  EGFR 
mutations  was  lower  than  that  of  Asian  men  who  have  the 
mutations  and  Asian  patients  without  mutations.  However, 
this  did  not  reach  statistical  significance  because  of  the  small 
number  of  patients  involved  in  this  study  (p  =  0.4). 

Immunohistochemistry  Analysis 

Tumors  with  EGFR  mutations  did  not  overexpress 
cytoplasmic  or  membranous  EGFR  or  p-EGFR  (Y1086). 
Patients  who  had  EGFR  mutations  were  more  likely  to  have 
low  immunohistochemical  expression  of  EGFR  when  corn- 
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TABLE  2.  Clinicopathologic  Features  of  Patients  with  Lung  Adenocarcinoma  EGFR  Mutants  from  the  First  Cohort 


Patient 
Age  and 
Gender 

Ethnicity 

Smoking 

History 

Pack- 

Years 

Prior 

Cancer 

Stage 

Site*  of 
Tumor 

BAC 

(%) 

Airf 

Bronchogram 

Multiple 

Lesions 

Surgical  Resection 

Type  of  EGFR 
Mutation 

72  F 

White 

Former 

25 

No 

IB 

LUL 

50 

INEV 

No 

Lobectomy 

Exon  19/ 15 -bp  del 
(746-750) 

66  F 

White 

Former 

20 

No 

4 

RLL 

30 

Yes 

Yes 

Lobectomy, 
multiple  wedges 

Exon  19/ 15 -bp  del 
(746-750) 

68  F 

White 

Current 

80 

No 

4 

RUL 

20 

INEV 

Yes 

Multiple  wedges 

Exon  19/ 15 -bp  del 
(746-750) 

58  F 

White 

Current 

37.5 

No 

1A 

LLL 

20 

No 

Yes 

Lobectomy 

Exon  19/ 15 -bp  del 
(746-750) 

66  F 

White 

Never 

0 

No 

IB 

RUL 

0 

INEV 

No 

Lobectomy 

Exon  19/ 18 -bp  del 
(746-751)  and  S752V 

64  M 

White 

Never 

0 

No 

1A 

RLL 

0 

Yes 

Yes 

Lobectomy, 
multiple  wedges 

Exon  19/ 15 -bp  del 
(746-750) 

65  M 

Asian 

Former 

0.8 

Yes 

2B 

RML,  RLL 

0 

No 

Yes 

Bilobectomy 

Exon  19/ 18 -bp  del 
(746-751)  and  S752I 

70  F 

White 

Never 

0 

Yes 

3A 

LLL 

0 

Yes 

No 

Lobectomy 

Exon  19/ 15 -bp  del 
(746-750) 

55  F 

White 

Never 

0 

No 

2B 

RML 

0 

INEV 

No 

Lobectomy 

Exon  20 

70  F 

White 

Never 

0 

Yes 

1A 

LUL 

0 

INEV 

No 

Lobectomy 

Exon  21/L858R 

69  M 

Asian 

Former 

42 

No 

3A 

RUL 

0 

INEV 

No 

Lobectomy 

Exon  21/L858R 

52  F 

Hispanic 

Never 

0 

No 

4 

RUL 

0 

No 

No 

Lobectomy, 
multiple  wedges 

Exon  21/L858R 

65  F 

White 

Never 

0 

Yes 

1A 

RUL 

0 

Yes 

Yes 

Lobectomy 

Exon  21/L858R 

45  F 

Asian 

Never 

0 

No 

1A 

LUL 

0 

INEV 

No 

Lobectomy 

Exon  21/L858R 

*Site  of  primary  lung  tumor  location,  f  Presence  of  air  bronchograms  on  radiographic  imaging.  F,  female;  M,  male;  RUL,  right  upper  lobe;  RML,  right  middle  lobe;  RLL,  right 
lower  lobe;  LUL,  left  upper  lobe;  LLL,  left  lower  lobe;  Yes,  present;  No,  not  present;  INEV,  not  assessable  because  of  a  lack  of  adequate  radiographic  imaging;  bp,  base  pair. 


FIGURE  1.  Microphotographs  of 
two  representative  lung  adenocar¬ 
cinomas  with  EGFR  mutations  (he¬ 
matoxylin  and  eosin  stained).  Pan¬ 
els  a  (100X)  and  b  (200X)  are 
from  a  lung  adenocarcinoma  with 
a  point  mutation  L858R  (T  to  G)  in 
exon  21  (c)  and  with  invasive  aci¬ 
nar  and  solid  patterns  (a  and  b ), 
and  without  any  bronchioloalveolar 
component  in  the  periphery.  Panels 
d  (1 00X)  and  e  (200x)  were  ob¬ 
tained  from  a  lung  adenocarci¬ 
noma  having  a  15- base  pair  (746- 
750)  in-frame  deletion  mutation  in 
exon  1  9  (/),  and  with  a  predomi¬ 
nant  invasive  acinar  component  ( e ) 
and  some  areas  of  bronchioloalveo¬ 
lar-like  pattern  (<20%)  in  the  pe¬ 
riphery  ( d ). 
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FIGURE  2.  Two  lung  tumor  cases 
with  EGFR  mutations  showing  inva¬ 
sive  adenocarcinoma  histologic  fea¬ 
tures  (mostly  acinar  pattern,  a  and 
c)  and  corresponding  chest  com¬ 
puted  tomographic  images  ( b  and 
f).  Computed  tomographic  scans  ( b 
and  d)  show  two  cases  of  NSCLC, 

( b )  right  upper  lobe,  (d)  right  lower 
lobe,  manifesting  as  ill-defined 
nodules.  Note  air  bronchograms, 
which  correlate  with  EGFR  mutation 
status  ( black  arrows). 


EGFR  Mutation  KRAS  Mutation 


FIGURE  3.  Survival  by  presence  of 
EGFR  and  KRAS  mutations. 


*  V  art  «o  c*«rc«i  > 


Tin*  idYmmi  iC;(kyT4ai 


pared  with  patients  who  did  not  have  EGFR  mutations  (77% 
versus  35%;  p  =  0.02).  However,  there  was  no  difference 
between  the  two  groups  in  level  of  phosphorylated  EGFR 
expression  in  both  the  cytoplasm  and  membrane.  There  was 
also  no  association  between  EGFR  mutations  and  the  pres¬ 
ence  or  level  of  HER2/Neu  expression. 

DISCUSSION 

Prior  clinical  studies  on  EGFR  mutations  in  NSCLC 
report  a  higher  frequency  in  women  with  adenocarcinoma, 
Asian  patients,  and  nonsmokers.2-5’8’12  Although  our  retro¬ 
spective  analysis  was  limited  by  small  sample  sizes  and 
availability  of  patient  medical  records,  we  were  able  to 
confirm  the  clinical  findings  of  earlier  studies  and  also  expand 
the  clinical  profile  of  patients  likely  to  harbor  EGFR  muta¬ 


tions.  In  our  study,  tumors  with  these  mutations  were  more 
likely  to  be  associated  with  air  bronchograms  but  no  other 
distinguishing  radiographic  features.  This  finding  should  be 
considered  with  caution,  as  there  are  so  few  patients  evalu¬ 
ated.  Although  the  differences  were  not  statistically  signifi¬ 
cant,  tumors  with  the  EGFR  mutation  were  smaller  in  volume 
and  were  more  likely  to  metastasize  to  the  lung  or  present  as 
synchronous  tumors.  Patients  with  EGFR  mutations  did  not 
have  more  previous  malignancies,  indicating  that  these  mu¬ 
tations  arise  de  novo  in  the  majority  of  cases.  Also,  the  lack 
of  family  history  of  cancer  suggests  that  a  germ-line  predis¬ 
position  to  acquiring  these  mutations  is  not  present. 

Our  second  cohort  of  Asian  patients  was  limited  in 
number  ( n  =  22)  and  by  the  nature  of  a  retrospective  analysis. 
However,  two  important  observations  are  seen  from  this 
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TABLE  3. 

Patient  Demographics  of  the  Asian  Cohort 

Patient  Age 
and  Gender 

Number  of  Years  Lived 

Ethnicity  Place  of  Birth  in  the  United  States 

Smoking  Status 

Type  of  EGFR  Mutation 

63  F 

Filipino 

Philippines 

32 

Never 

None 

43  F 

Filipino 

Philippines 

35 

Never 

None 

65  M 

Filipino 

Philippines 

35 

Current 

None 

64  M 

Filipino 

Philippines 

>32 

Current 

None 

70  F 

Japanese 

Japan 

44 

Former 

None 

84  M 

Chinese 

China 

21 

Former 

None 

57  M 

Chinese 

China 

28 

Former 

Exon  19/18-bp  del  (747-752)  and  P753Q 

68  M 

Chinese 

China 

31 

Former 

Exon  19/15-bp  del  (747-751) 

36  F 

Vietnamese 

Vietnam 

30 

Never 

Exon  19/15-bp  del  (746-750) 

52  M 

Vietnamese 

Vietnam 

33 

Former 

Exon  19/15-bp  del  (746-750) 

65  M 

Korean 

Korea 

39 

Former 

Exon  19/18-bp  del  (746-751) 

46  F 

Filipino/Greek 

United  States 

46 

Never 

Exon  21/L858R 

64  M 

Filipino 

Philippines 

Unknown 

Current 

None 

63  M 

Taiwan 

Taiwan 

Unknown 

Unknown 

None 

68  F 

Korean 

Korea 

0 

Never 

None 

62  F 

Korean 

Korea 

0 

Never 

None 

66  F 

Vietnamese 

Vietnam 

0 

Unknown 

Exon  19/15-bp  del  (746-750) 

74  M 

Vietnamese 

Vietnam 

Lived  mostly  in  Vietnam 

Current 

Exon  19/15-bp  del  (746-750) 

72  F 

Chinese 

China 

Lived  mostly  in  China 

Never 

Exon  21/L858R 

49  F 

Korean 

Korea 

0 

Never 

Exon  21/L858R 

49  F 

Korean 

Korea 

0 

Never 

Exon  21/L858R 

69  M 

Filipino 

Philippines 

0 

Former 

Exon  21/L858R 

M,  male;  F,  female;  bp,  base  pair. 


study.  First,  our  analysis  showed  a  similar  incidence  of  EGFR 
mutations  in  Asian  patients  who  had  lived  in  the  United 
States  for  more  than  20  years  (50%)  as  compared  with 
patients  living  in  Asian  countries  most  of  their  lives  (67%). 
This  finding  suggests  that  the  development  of  a  mutation  in 
the  EGFR  gene  is  not  related  to  the  environment  but  is  instead 
dependent  on  a  strong  genetic  predisposition.  This  concept  is 
supported  by  the  differences  in  the  length  of  the  EGFR  intron 
1  polymorphic  CA  dinucleotide  repeat  (CA-SSR  1)  between 
Japanese  and  Chinese  and  white  and  African  American  pop¬ 
ulations.13  In  Asian  patients,  the  repeat  lengths  are  consider¬ 
ably  longer  than  are  those  found  in  white  and  African  Amer¬ 
ican  patients.  It  is  of  interest  that  the  length  of  repeat 
sequences  influences  EGFR  gene  expression,  with  longer 
lengths  leading  to  less  gene  transcription.14  The  effect  that 
these  and  other  genetic  polymorphisms  have  on  the  rate  of 
mutation  in  the  EGFR  gene  is  unknown  and  provides  a  strong 
rationale  for  conducting  further  molecular  epidemiologic 
studies. 

Second,  we  report  a  younger  median  age  of  developing 
lung  cancer  in  Asian  women  with  the  EGFR  mutation  (Table 
4).  This  result  should  be  viewed  with  caution  because  of  the 
very  small  sample  size  and  the  lack  of  statistical  significance. 
However,  this  observation  is  important,  as  it  suggests  that  the 
estrogen  pathway  (patients  were  in  the  premenopausal  age 
group)  may  play  a  critical  role  in  the  early  onset  of  carcino¬ 
genesis  in  Asian  patients  with  EGFR  gene  mutations.  We  did 
not  see  this  wide  age  difference  between  the  genders  in  our 
first  cohort  of  predominantly  white  patients,  but  it  is  interest¬ 


ing  that  the  one  Asian  woman  in  that  first  cohort  was  45  years 
old.  There  may  also  be  some  variation  in  the  effect  of  gender 

among  the  Asian  ethnicities.  A  previous  report  by  a  Japanese 
group15  noted  no  difference  in  age  between  the  women  with 
EGFR  mutations  and  other  male  patients.  Our  cohort  did  not 
include  any  Japanese  female  patients,  but  instead  consisted  of 
women  of  Chinese,  Vietnamese,  Filipino,  and  Korean  eth¬ 
nicities.  A  recent  report  by  a  group  from  Taiwan  evaluated  39 
Chinese  patients  with  EGFR  mutations16  and  found  that  the 
median  age  in  women  was  62  years  compared  with  68  years 
in  men. 


TABLE  4.  Age  Analysis  of  the  Asian  Cohort  of  Patients  with 
and  without  EGFR  Mutations 

Positive  EGFR 

Negative  EGFR 

Gender/Age 

Mutation 

Mutation 

Female 

n  =  6* 

n  =  5 

Median  (yr) 

49 

63 

Mean  (yr) 

53 

61 

Range  (yr) 

36-72 

43-70 

Male 

n  =  6 

n  =  5 

Median  (yr) 

66.5 

64 

Mean  (yr) 

64 

68 

Range  (yr) 

52-74 

63-84 

ii 

o 

L 
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Although  our  findings  of  Asian  women  with  the  EGFR 
mutation  developing  NSCLC  at  an  earlier  age  are  prelimi¬ 
nary,  there  is  compelling  evidence  to  consider  the  role  of 
estrogen  as  a  carcinogenic  promoter  in  these  patients.  First,  it 
is  well  known  that  female  gender  is  an  independent  risk  factor 
for  the  development  of  NSCLC  and  that  premenopausal 
women  present  with  more  aggressive  disease.17-21  Second, 
estrogens  may  act  as  tumor  promoters  or  direct  carcinogens 
with  DNA  adduct  formation.22-27  Third,  Stabile  et  al.  reported 
a  functional  interaction  between  the  estrogen  receptor  and  the 
EGFR  pathways  in  NSCLC.22’28  This  study  also  found  syn¬ 
ergistic  antitumor  effects  with  fulvestrant  (an  estrogen 
receptor  antagonist)  and  gefitinib  (an  EGFR  tyrosine  ki¬ 
nase  inhibitor)  in  murine  xenografts  and  NSCLC  cell  lines. 
Although  this  analysis  did  include  a  cell  line  with  an 
EGFR  mutation  (273T  heterozygous  point  mutation  at 
exon  18  nucleotide  2180),  conclusions  on  the  effect  of 
estrogen  cannot  be  drawn,  as  it  is  not  one  of  the  typical 
mutations  found  in  patients  with  NSCLC.  The  role  of 
gender  on  EGFR  mutation  is  unclear  at  this  time  but  should 
be  explored  further. 

In  our  laboratory  analysis,  we  found  low  immunohis- 
tochemical  expression  of  both  EGFR  and  phosphorylated 
EGFR  at  site  Y1086  in  tumors  of  patients  with  EGFR 
mutations.  This  apparently  conflicts  with  the  premise  that  the 
mutations  in  the  EGFR  tyrosine  kinase  domain  are  activat¬ 
ing  mutations  (L747-P753insS,  L858R)  with  higher  phos¬ 
phorylation  capability.2  Our  study  is  not  the  first  to  report  this 
difference.  Pao  et  al.5  conducted  functional  studies  on  recep¬ 
tor  mutations  in  exon  19  (del  L747-S752,  del  E746-A750) 
and  reported  low  kinase  activity.  This  was  seen  with  both  low 
autophosphorylation  Y1092  (p-EGFR)  and  low  tyrosine- 
phosphorylated  proteins  when  compared  with  wild-type 
EGFR  assays.  It  is  therefore  possible  that  the  mechanism  of 
EGFR  tyrosine  kinase  inhibitor  sensitivity  does  not  occur  by 
means  of  intrinsic  enhanced  receptor  tyrosine  kinase  activity 
but  may  be  caused  by  altered  receptor-substrate- binding 
capability.  It  is  also  plausible  that  de  novo  mutations  in  the 
EGFR  gene  may  lead  to  variable  protein  expression  with 
some  dominant  activating  mutations  and  others  that  affect 
substrate  binding.  In  support  of  this  premise,  there  are  at  least 
seven  different  phosphorylation  sites  for  EGFR,  and  the 
distinct  mutations  appear  to  have  preferential  phosphoryla¬ 
tion  patterns.  The  L858R  mutation  is  associated  with  phos¬ 
phorylation  at  sites  Y845  and  Y1092,  whereas  phosphoryla¬ 
tion  of  sites  Y992  and  Y1068  is  associated  with  both  the 
L858R  mutation  and  deletion  of  exon  19.2,5,29  Phosphoryla¬ 
tion  at  sites  Y1 173  and  Y1 045  do  not  appear  to  be  associated 
with  either  mutation.29  The  lack  of  association  found  in  our 
study  between  p-EGFR  and  EGFR  mutation  could  be  ex¬ 
plained  by  the  fact  that  our  analysis  focused  solely  on  the 
Y1086  phosphorylation  site.  We  plan  to  further  document  the 
preferential  phosphorylation  patterns  of  the  distinct  EGFR 
mutations.  Further  molecular  studies  to  clarify  the  biology  of 
these  mutations  is  necessary  to  understand  the  efficacy  of 
tyrosine  kinase  inhibitor  treatment  and  development  of  tumor 
resistance. 


CONCLUSION 

In  conclusion,  our  analysis  reports  the  following  char¬ 
acteristics  to  be  associated  with  the  EGFR  mutation:  female 
gender,  Asian  ethnicity,  adenocarcinoma  histology,  never- 
smoker  status,  presence  of  multiple  lung  lesions,  and  air 
bronchograms  on  imaging.  In  our  Asian  cohort,  the  results 
suggest  an  inherent  and  nonenvironmental  susceptibility  to 
development  of  EGFR  mutations.  There  is  also  some  specu¬ 
lation  that  Asian  women  with  EGFR  mutations  may  develop 
adenocarcinoma  at  an  earlier  age  than  other  patients.  Further 
studies  on  the  interaction  of  estrogen  with  the  EGFR  pathway 
are  warranted,  and  continued  efforts  to  define  the  mechanism 
of  tyrosine  kinase  inhibitor  sensitivity  are  needed  to  optimize 
cancer  therapy. 
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Abstract 

The  use  of  tyrosine  kinase  inhibitors  (TKI)  has  yielded  great 
success  in  treatment  of  lung  adenocarcinomas.  However, 
patients  who  develop  resistance  to  TKI  treatment  often 
acquire  a  somatic  resistance  mutation  (T790M)  located  in 
the  catalytic  cleft  of  the  epidermal  growth  factor  receptor 
(EGFR)  enzyme.  Recently,  a  report  describing  EGFR-T790M  as 
a  germ-line  mutation  suggested  that  this  mutation  may  be 
associated  with  inherited  susceptibility  to  lung  cancer. 
Contrary  to  previous  reports,  our  analysis  indicates  that  the 
T790M  mutation  confers  increased  Y992  and  Y1068  phosphor¬ 
ylation  levels.  In  a  human  bronchial  epithelial  cell  line, 
overexpression  of  EGFR-T790M  displayed  a  growth  advantage 
over  wild-type  (WT)  EGFR.  We  also  screened  237  lung  cancer 
family  probands,  in  addition  to  45  bronchoalveolar  tumors, 
and  found  that  none  of  them  contained  the  EGFR-T790M 
mutation.  Our  observations  show  that  EGFR-T790M  provides 
a  proliferative  advantage  with  respect  to  WT  EGFR  and 
suggest  that  the  enhanced  kinase  activity  of  this  mutant  is  the 
basis  for  rare  cases  of  inherited  susceptibility  to  lung  cancer. 
[Cancer  Res  2007;67(10):4665-70] 

Introduction 

Recent  work  has  identified  a  series  of  somatic  mutations  in  exons 
18  to  21  of  epidermal  growth  factor  (EGF)  receptor  (EGFR)  that 
render  lung  tumors  responsive  to  the  gefitinib  and  erlotinib 
therapeutics  (1-3).  However,  in  patients  that  progress  after  drug 
treatment,  it  has  been  observed  that  a  secondary  “resistance” 
mutation  is  often  acquired  in  exon  20  (4-6).  This  mutation,  T790M, 
arises  somatically  in  ~  50%  of  these  cases  (4-6).  In  chronic 
myelogenous  leukemia  (CML)  patients,  an  estimated  50%  to  90% 
of  tumors  with  acquired  resistance  have  the  analogous  resistance 
mutation  (T315I)  in  BCR-ABL  (7).  Interestingly,  Bell  et  al.  (8)  report 
the  first  identification  of  the  T790M  mutation  in  the  germ  line  of 
a  European  family  that  developed  lung  adenocarcinoma  with 
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bronchoalveolar  (BAC)  differentiation.  This  observation  suggests 
that  this  mutation  may  be  associated  with  genetic  susceptibility  to 
lung  cancer  and  may  underlie  familial  predisposition  to  the  disease. 
The  allele,  although  common  in  drug-treated  tumors,  seems 
extremely  rare  in  the  germ  line  of  the  general  population,  as  the 
authors  report  no  mutation  observed  in  782  alleles  sequenced.  Many 
groups  have  reported  that  the  kinase  activity  of  the  EGFR-T790M- 
resistant  mutant  is  indistinguishable  from  wild-type  (WT)  EGFR 
(4-6,  9,  10).  What  is  somewhat  perplexing  is  how  T790M  would 
confer  susceptibility  if  its  activity  were  identical  to  the  WT  molecule. 
Our  analysis  shows  that  T790M  in  fact  does  exhibit  enhanced 
autophosphorylation  at  Y992  and  Y1068,  and  this  mutation  is 
associated  with  a  proliferative  advantage  in  a  human  bronchial 
epithelial  cell  line.  Interestingly,  the  mutation  seems  to  be  rare  as  it 
was  not  found  in  any  of  the  familial  or  sporadic  lung  cancer 
populations  we  screened. 

Materials  and  Methods 

Cell  lines.  HEK293T,  HEK293FT,  and  COS-7  cells  were  maintained  in 
DMEM  supplemented  with  10%  fetal  bovine  serum.  Immortalized  human 
bronchial  epithelial  cells  (HBEC3-KT)  were  maintained  in  keratinocyte 
serum-free  medium  (with  50  pg/mL  bovine  pituitary  extract  and  5  ng/mL 
EGF).  All  cells  were  grown  at  37°  C  in  a  humidified  incubator  with  5%  C02. 

Plasmids,  transfection,  and  viral  infection.  Mammalian  expression 
plasmids  encoding  for  human  EGFR,  EGFR-T790M,  and  EGFR-L858R  were 
kind  gifts  from  William  Pao  (Memorial  Sloan-Kettering  Cancer  Center,  New 
York,  NY).  HEK293T  and  COS-7  cells  were  transfected  with  the  indicated 
EGFR  plasmids  using  LipofectAMINE  2000  (Invitrogen).  Gefitinib  was 
obtained  from  Chemoprevention  Branch,  National  Cancer  Institute 
(Bethesda,  MD)  and  added  to  cells  10  h  before  lysis. 

To  introduce  WT  and  mutant  EGFRs  into  HBEC3  cells,  we  used  the 
pLenti6/V5  Directional  TOPO  Cloning  kit  (Invitrogen).  Construction  of 
pLenti-wt-EGFR  was  described  previously  (11).  The  T790M  and  L747_E749 
deletion  mutations  were  introduced  into  pLenti-wt-EGFR  by  using  site- 
directed  mutagenesis  (Stratagene).  pLenti-KRASV12  vector  was  constructed 
by  cloning  KRASV12  fragment  from  pBabe-KRASV12-hyg  (11)  into  pLenti6/ 
V5  vector.  pLenti6/V5-GW/ lacZ  (Invitrogen)  was  used  as  a  control.  Viral 
transduction  of  HBEC3  cells  was  done  following  the  manufacturer’s 
instructions.  Briefly  the  293FT  cells  were  transiently  transfected  with  viral 
vector  together  with  ViraPower  (Invitrogen).  Forty-eight  hours  after 
transfection,  the  supernatant  of  the  293FT  cells  was  harvested  and  passed 
through  a  0.45-pm  filter  and  frozen  at  —  80  °C.  The  supernatant  was  used  for 
infection  after  addition  of  4  pg/mL  polybrene  (Sigma).  Forty-eight  hours 
after  infection,  drug  selection  of  infected  cells  was  started  with  5  pg/mL 
blasticidin  (Invitrogen)  and  continued  for  7  days. 
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Colony  formation  assays.  Liquid  colony  formation  assays  were  done  as 
described  previously  (11).  Briefly,  200  viable  cells  were  plated  in  triplicate  on 
100-mm  plates  and  cultured  in  keratinocyte  serum-free  medium  supple¬ 
mented  with  50  pg/mL  of  bovine  pituitary  extract  without  EGF.  Surviving 
colonies  were  counted  10  days  later  after  staining  with  methylene  blue,  and 
colonies  >3  mm  in  diameter  were  counted. 

Western  blot  and  antibodies.  Cell  lysates  were  prepared  in  LDS  sample 
buffer  (Invitrogen)  and  electrophoresed  on  NuPAGE  gels  (Invitrogen). 
Protein  was  transferred  to  polyvinylidene  difluoride  membranes  and  blotted 
using  the  antibodies  as  indicated:  anti-EGFR  (Cell  Signaling  Technology), 
anti-EGFR-Y1068  (Cell  Signaling  Technology),  anti-EGFR-Y992  (Cell  Sig¬ 
naling  Technology),  anti-mitogen-activated  protein  kinase  (MAPK;  Cell 
Signaling  Technology),  anti-phosphorylated  MAPK  (Thr202/Tyr204;  Cell 
Signaling  Technology),  anti-phosphorylated  AKT  (Ser473;  Cell  Signaling 
Technology),  anti-AKT  (Cell  Signaling  Technology),  anti-a-tubulin  (Santa 
Cruz  Biotechnology),  and  anti-cyclin  D1  (Santa  Cruz  Biotechnology). 

EGFR  exon  20  genotyping.  Amplification  of  human  EGFR  exon  20 
was  done  via  standard  PCR  methods  using  forward  (5  -GACACTGACG- 
TGCCTCTCC-3')  and  reverse  (5'-TTATCTCCCCTCCCCGTATC-3')  primers. 
PCR  products  were  electrophoresed  on  agarose  gels,  purified,  and  subjected 
to  standard  DNA  sequencing.  The  EGFR-T790M  mutation  is  deduced  by  the 
genotype  (C/T)  at  position  86  in  exon  20. 

Lung  cancer  DNAs.  The  Genetic  Epidemiology  of  Lung  Cancer 
Consortium  (GELCC)  has  accrued  over  700  families  with  three  or  more  first- 
degree  relatives  with  lung  cancer  (12),  of  which  this  study  geno typed  237 
individual  probands.  Paraffin  blocks  of  lung  tumors  (45)  with  BAC 
differentiation  (and  32  corresponding  normals),  in  addition  to  the  fresh 


frozen  lung  tumor  DNAs,  were  obtained  from  the  Washington  University 
Tissue  Procurement  Center  as  paraffin  blocks.  For  the  blocks,  genomic  DNA 
was  prepared  by  slicing  several  paraffin  curls  and  adding  xylenes  to  dissolve 
the  paraffin.  The  remaining  tissue  was  washed  with  ethanol,  dried,  and 
resuspended  in  PCR  buffer  (0.5%  Tween  20,  0.5%  NP40)  and  digested  in 
proteinase  K  (1  mg/mL)  at  55° C  overnight.  Chloroform/isoamyl  alcohol  (24:1) 
was  added  to  the  digest  and  soluble  DNA  was  isolated  from  the  aqueous  phase. 

Results 

To  address  previous  observations  that  EGFR-T790M  activity  is 
the  same  as  the  WT  molecule,  we  did  transient  transfections  of 
EGFR  and  EGFR-T790M  expression  constructs  in  COS-7  and  293T 
cells.  Overexpression  of  EGFR  and  the  T790M  mutant  in  these  cell 
lines  clearly  indicated  that  the  phosphorylation  status  at  Y1068  is 
enhanced  with  respect  to  WT  (Fig.  1A-E).  Tyr1068  is  an  EGFR 
autophosphorylation  site  that  couples  receptor  activation  to  Ras 
signaling  (13).  Interestingly,  our  observations  are  in  disagreement 
with  previously  published  reports  (4-6,  9,  10).  Our  data  also  show 
that  phosphorylation  levels  between  WT  and  T790M  are  indistin¬ 
guishable  at  higher  expression  levels  (Fig.  1C),  yet  differences  are 
more  apparent  at  lower  expression  levels.  As  a  control,  we  also 
showed  the  drug-resistant  nature  of  EGFR-T790M  in  comparison 
with  WT  EGFR  (Fig.  ID).  We  further  addressed  the  activation 
status  of  MAPK,  a  downstream  molecule  phosphorylated  and 
activated  by  EGFR.  We  observed  that  phosphorylated  MAPK 
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Figure  1.  Phosphorylation  of  Y1068  is 
enhanced  in  EGFR-T790M.  FIEK293 
cells  (A)  and  COS-7  cells  ( B )  were 
transfected  with  the  indicated  DNAs  and 
lysed  48  h  after  transfection.  Lysates 
were  immunoblotted  with  anti-EGFR 
and  anti-EGFR-Y1068  as  indicated. 
Phosphorylation  of  Y1068  is  enhanced 
in  the  EGFR-T790M  mutant. 

C,  phosphorylation  and  activation  of 
EGFR-T790M  are  evident  at  lower  levels 
of  protein  expression  compared  with 
higher  levels  in  COS-7  cells  ( lane  3  versus 
lane  5).  D,  gefitinib  does  not  affect  the 
phosphorylation  status  of  T790M-EGFR. 

E,  phosphorylation  of  MAPK  is  enhanced 
in  EGFR-T790M-expressing  (versus 
EGFR-WT  expressing)  cells.  Cells  were 
stimulated  with  EGF  (10  ng/mL)  for  5  min. 
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Figure  2.  Colony  formation  growth  assay  for  EGFR-T790M.  Viral  transduction  and  selection  of  HBEC  cells  stably  expressing  EGFR  were  done  as  described  previously 
(11).  A,  cells  (200)  were  plated  in  triplicate  and  grown  in  keratinocyte  serum-free  medium  (with  50  |ag/mL  bovine  pituitary  extract  and  without  EGF).  After  10  d, 
cells  were  stained  with  methylene  blue.  B,  stained  cell  colonies  >3  mm  in  diameter  were  counted.  *,  P  <  0.0001,  two-tailed  t  test.  C,  Western  blots  for  EGFR, 
EGFR-Y1068,  EGFR-Y992,  MAPK,  MAPK  (T202/Y204),  AKT,  AKT  (S473),  cyclin  D1,  and  a-tubulin  in  the  HBEC  stable  cell  lines  were  done  as  indicated. 
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(Thr202/Tyr204)  levels  were  enhanced  in  the  T790M  mutant 
compared  with  WT  EGFR  (Fig.  IE). 

We  also  tested  whether  EGFR-T790M  expression  in  an  immor¬ 
talized  human  bronchial  epithelial  cell  (HBEC3)  line  affected 


growth  properties  of  these  cells.  Cells  were  transduced  by  lentivirus 
expressing  EGFR  and  EGFR  mutants  and  selected  for  stable 
integration  as  done  previously  (11).  Two  hundred  cells  were  seeded 
on  plates  without  EGF  supplementation  and  allowed  to  grow  for 
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Figure  3.  EGFR  genotyping  and  linkage  analysis  for  chromosome  7  with  SimWalk2.  A,  the  EGFR-T790M  mutation  was  not  observed  in  familial  lung  cancer 
blood  DNA,  BAC  tumors  and  normals,  or  fresh-frozen  resected  tumors.  B,  the  genetic  position  for  EGFR  is  at  ~73  cM  (based  on  interpolation),  between  markers 
D7S1818  (70  cM)  and  D7S3046  (79  cM).  Simwalk2  analysis  was  based  on  the  parametric  method  using  the  genetic  model  reported  by  Moscatello  et  al.  (18).  Fifty-five 
pedigrees  with  five  or  more  affected  members  were  used.  C  and  D,  two  representative  pedigrees  of  GELCC  collected  families  with  predisposition  to  lung  cancer. 

In  (C)  and  (D),  •  (females)  or  ■  (males)  represent  lung,  throat,  or  laryngeal  cancer.  Numbers  below  each  individuals,  sample  numbers;  numbers  in  brackets,  individual 
ages  at  the  time  the  pedigree  was  constructed;  slashes,  dead  individuals. 
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10  days.  We  observed  that  the  EGFR-T790M-expressing  cells  had  a 
greater  number  of  large  (>3  mm  in  diameter)  colonies  compared 
with  WT  EGFR  but  less  than  the  activated  L747-E749  deletion 
(Fig.  2A  and  B).  These  results  indicate  that  EGFR-T790M  does  in 
fact  provide  a  growth  advantage  over  WT  EGFR.  When  we  analyzed 
the  status  of  EGFR  phosphorylation  at  Y992  and  Y1068  in  these  cells, 
we  saw  an  increase  in  the  EGFR-T790M  mutant  (Fig.  2C),  consistent 
with  what  was  observed  in  HEK293T  and  COS-7  cells  (Fig.  1A-D). 

To  address  possible  downstream  signaling  mechanisms  that  are 
affected  by  mutant  EGFR,  we  looked  at  the  phosphorylation/ 
activation  status  of  MAPK  and  AKT  (Fig.  2C).  In  contrast  to  our 
observations  in  293T  cells,  we  did  not  see  MAPK  activation  induced 
by  T790M.  However,  this  is  consistent  with  previously  published 
results  where  no  obvious  changes  are  seen  with  the  deletion 
mutant,  yet  colony  formation  is  enhanced  (11).  Transcriptional 
changes,  such  as  up-regulation  of  cyclin  D1  levels,  were  recently 
reported  to  be  a  result  of  EGFR  mutant  signaling  (14);  however,  we 
observed  no  changes  induced  by  the  mutants  (Fig.  2C). 

If  EGFR-T790M  is  a  human  susceptibility  allele,  it  is  necessary  to 
determine  its  prevalence  in  families  with  high  susceptibility  to  lung 
cancer.  With  these  families,  a  set  of  52  extended  pedigrees  was  used 
to  show  linkage  on  chromosome  6q23-25  (12).  A  concerted  effort  by 
the  GELCC  has  attempted  to  identify  the  gene(s)  associated  with 
this  susceptibility.  We  proposed  that  if  the  T790M  mutation  is  a 
common  variant  for  predisposition  to  lung  cancer,  it  could 
potentially  be  enriched  in  probands  from  lung  cancer  families. 
Genomic  DNA  from  237  probands  representing  lung  cancer 
families  with  more  than  three  affected  individuals  was  analyzed. 
PCR  amplification  and  DNA  sequencing  of  the  resistance  mutation 
in  exon  20  were  done.  Interestingly,  we  did  not  observe  the  T790M 
mutation  in  any  of  the  family  probands  analyzed  or  in  any  of  60 
random  fresh-frozen  resected  lung  tumors  (Fig.  3 A).  This  would 
suggest  that  the  T790M  mutation  is  not  enriched  in  our  population 
and  is  likely  a  minor  contributor  to  genetic  susceptibility  in  familial 
lung  cancers.  Furthermore,  in  the  aforementioned  GELCC  linkage 
study,  the  analysis  of  52  families  (and  family  subsets  within)  did  not 
reveal  a  significant  logarithm  of  odds  score  on  or  near  7pll,  where 
the  EGFR  gene  is  located,  which  also  suggests  that  the  mutation  is 
not  a  major  contributor  to  familial  predisposition  to  lung  cancer 
(Fig.  3 B;  ref.  12).  Representative  families  used  in  this  study  are 
indicated  in  Fig.  3C  and  D.  We  further  tested  to  see  if  T790M  might 
in  fact  be  solely  responsible  for  predisposition  to  adenocarcinomas 
with  BAC  differentiation.  We  sequenced  45  BAC  tumors  and  32  of 
the  corresponding  normal  tissues  and  did  not  observe  the  T790M 
mutation  in  any  of  these  samples  (Fig.  3 A).  This  further  suggests 
the  rarity  of  this  potential  predisposing  mutation. 

Discussion 

Several  lines  of  evidence  exist  that  lend  support  to  T790M  as  a 
putative  susceptibility  allele.  T790M  has  been  detected  somatically 
in  tumors  that  have  not  been  treated  with  gefitinib  or  erlotinib, 
which  may  suggest  that  this  mutant  may  have  arisen  during  drug- 
free  cancer  progression  (15).  Furthermore,  the  NCI-H1975  BAC  cell 
line,  which  has  never  undergone  tyrosine  kinase  inhibitor 
treatment,  has  both  activating  L858R  and  resistant  T790M  muta¬ 
tions,  suggestive  that  T790M  may  be  growth  promoting  (5).  Bell  et 
al.  (8)  also  have  observed  that  the  T790M  mutation  seems  to  occur 
in  cis  with  the  activating  mutations.  Perhaps  more  persuasive  is  that 
the  analogous  resistance  mutation  in  CML  patients,  BCR-ABL- 
T315I,  displays  increased  in  vitro  kinase  activity  (16).  Similarly,  the 
analogous  mutations  in  Src  (T341M)  and  FGFR1  (V561M)  also  result 


in  increased  phosphorylation  and  activation  (10).  Why  T790M  in 
EGFR  does  not  reportedly  function  in  a  similar  manner  is  unclear. 

Our  results  suggest  that  the  T790M  mutation  may  in  fact  provide 
a  proliferative  advantage  in  normal  cells  by  increasing  kinase 
activity  and  downstream  signaling.  Our  data  suggest  that  EGFR- 
T790M  does  in  fact  exhibit  higher  kinase  activity  than  WT  molecule 
in  HEK293T  and  COS-7  cell  lines.  Overexpression  in  our  HBEC3  cell 
line  showed  increased  tyrosine  phosphorylation  at  Y992  and  Y1068 
and  increased  colony  formation.  Increased  proliferation  is  most 
evident  in  the  absence  of  EGF  in  the  medium,  suggesting  that  the 
activating  T790M  EGFR  mutation  is  involved  in  the  proliferative 
effects  observed.  EGFR  kinase  activity  is  essential  for  oncogenic 
transformation.  EGFR  extracellular  domain  deletion  mutants  and 
overexpression  of  EGFR  are  commonly  found  in  human  cancers 
(17,  18).  Our  data  also  show  that  phosphorylation  levels  between 
WT  and  T790M  are  indistinguishable  at  higher  expression  levels 
(Fig.  1C),  yet  differences  are  more  apparent  at  lower  expression 
levels.  We  believe  this  may  be  an  explanation  why  others  have  seen 
no  difference  between  EGFR  and  T790M. 

EGFR  signaling  activates  many  pathways  that  lead  to  proliferative 
advantages.  The  Ras/MAPK  pathway  is  activated  via  ligation  of  Grb2 
to  an  activated  EGFR  molecule.  In  our  293T  overexpression  system, 
we  observed  that  MAPK  activity  is  increased  by  T790M  versus  WT 
EGFR.  However,  a  significant  effect  of  T790M  on  these  downstream 
kinases  was  not  evident  in  our  HBEC3  system,  which  might  suggest 
that  other  signaling/ transcriptional  events  are  responsible  for  the 
proliferative  changes.  Recent  work  has  revealed  transcriptional 
changes  in  cyclin  Dl,  maybe  a  key  response  to  gefitinib  resistance  by 
T790M  and  susceptibility  to  the  irreversible  inhibitor  CL-387,785 
(14).  We  did  not  observe  changes  in  cyclin  Dl  levels  in  the  HBEC3 
system  and  believe  other,  yet  unidentified,  mechanisms  exist  to 
account  for  the  proliferative  advantages  caused  by  mutant  EGFR. 

A  recent  study,  using  a  mutant-enriched  PCR  system,  revealed 
the  presence  of  the  T790M  mutation  as  a  minor  clone  in  non-small 
cell  lung  cancer  tumors  (19).  It  is  suggested  that  these  clones  are 
selected  for  during  gefitinib  treatment  and  are  enriched  in  the 
resistant  tumor  but  do  not  provide  the  main  proliferative  function 
for  oncogenesis.  Our  observations  suggest  that  T790M  as  a  germ¬ 
line  mutation  (i.e.,  in  all  cells)  may  provide  the  mild  proliferative 
push  for  lung  cancer  development. 

Many  lines  of  evidence  suggest  the  existence  of  a  limited  number 
of  genetic  factors  that  control  susceptibility  to  lung  cancer  (20-22). 
However,  due  to  a  high-case  fatality  rate  (5-year  survival  rate  of  15%), 
obtaining  biospecimen  samples  for  DNA  analysis  is  particularly 
difficult  (23).  A  collaborative  effort  of  GELCC  has  accrued  DNA  from 
families  with  lung,  throat,  and  laryngeal  cancers  since  the  early 
1990s.  At  present,  771  families  with  three  or  more  first-degree 
relatives  affected  with  lung  cancer  have  been  collected,  of  which  11% 
have  sufficient  family-wide  biospecimen  availability  for  any  future 
studies.  Subsequent  sequencing  of  237  families  with  predisposition 
to  lung  cancer,  45  BAC  tumors  and  60  fresh-frozen  resected  tumors, 
did  not  reveal  any  mutations,  suggesting  that  T790M  is  likely  a  rare 
mutation.  Nevertheless,  our  data  provide  a  basis  for  EGFR-T790M  as 
a  rare  susceptibility  allele  in  human  lung  cancer. 

Acknowledgments 

Received  1/17/2007;  revised  2/20/2007;  accepted  3/9/2007. 

Grant  support:  NIH  grants  U01CA76293  (Genetic  Epidemiology  of  Lung  Cancer 
Consortium),  R01CA058554,  R01CA093643,  R01CA099147,  R01CA099187,  R01ES012063, 
R01ES013340,  R03CA77118,  R01CA80127,  P30ES06096,  P50CA70907  (Specialized 
Program  of  Research  Excellence),  and  N01HG65404  and  Department  of  Defense  VITAL 


www.aacrjournals.org  4669  Cancer  Res  2007;  67:  (10).  May  15,  2007 

Downloaded  from  cancerres.aacrjournals.org  on  July  29,  201 1 
Copyright  ©  2007  American  Association  for  Cancer  Research 


D0I:1 0.1 1 58/0008-5472. CAN-07-021 7 


Cancer  Research 


grant.  This  study  was  supported  in  part  by  NIH,  the  Intramural  Research  Programs  of 
National  Cancer  Institute,  and  National  Human  Genome  Research  Institute. 

The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the  payment  of  page 
charges.  This  article  must  therefore  be  hereby  marked  advertisement  in  accordance 
with  18  U.S.C.  Section  1734  solely  to  indicate  this  fact. 


We  thank  W.  Pao  (Memorial  Sloan-Kettering  Cancer  Center,  New  York,  NY)  for 
providing  mammalian  expression  plasmids  encoding  for  human  EGFR,  EGFR-T790M, 
and  EGFR-L858R;  R.  Lubet  (Chemoprevention  Branch,  National  Cancer  Institute, 
Bethesda,  MD)  for  providing  gefinitib;  and  J.  Clark,  Q.  Chen,  and  M.  Watson  for  their 
assistance  in  various  aspects  of  this  work. 


References 

1.  Lynch  TJ,  Bell  DW,  Sordella  R,  et  al.  Activating 
mutations  in  the  epidermal  growth  factor  receptor 
underlying  responsiveness  of  non-small-cell  lung  cancer 
to  gefitinib.  N  Engl  J  Med  2004;350:2129-39. 

2.  Paez  JG,  Janne  PA,  Lee  JC,  et  al.  EGFR  mutations  in 
lung  cancer:  correlation  with  clinical  response  to 
gefitinib  therapy.  Science  2004;304:1497-500. 

3.  Pao  W,  Miller  V,  Zakowski  M,  et  al.  EGF  receptor  gene 
mutations  are  common  in  lung  cancers  from  “never 
smokers”  and  are  associated  with  sensitivity  of  tumors 
to  gefitinib  and  erlotinib.  Proc  Natl  Acad  Sci  U  S  A  2004; 
101:13306-11. 

4.  Kobayashi  S,  Boggon  TJ,  Dayaram  T,  et  al.  EGFR 
mutation  and  resistance  of  non- small-cell  lung  cancer  to 
gefitinib.  N  Engl  J  Med  2005;352:786-92. 

5.  Pao  W,  Miller  VA,  Politi  KA,  et  al.  Acquired  resistance 
of  lung  adenocarcinomas  to  gefitinib  or  erlotinib  is 
associated  with  a  second  mutation  in  the  EGFR  kinase 
domain.  PLoS  Med  2005;2:e73. 

6.  Kwak  EL,  Sordella  R,  Bell  DW,  et  al.  Irreversible 
inhibitors  of  the  EGF  receptor  may  circumvent  acquired 
resistance  to  gefitinib.  Proc  Natl  Acad  Sci  U  S  A  2005; 
102:7665-70. 

7.  Deininger  M,  Buchdunger  E,  Druker  BJ.  The  develop¬ 
ment  of  imatinib  as  a  therapeutic  agent  for  chronic 
myeloid  leukemia.  Blood  2005;105:2640-53. 

8.  Bell  DW,  Gore  I,  Okimoto  RA,  et  al.  Inherited 
susceptibility  to  lung  cancer  may  be  associated  with 


the  T790M  drug  resistance  mutation  in  EGFR.  Nat 
Genet  2005;37:1315-6. 

9.  Blencke  S,  Ullrich  A,  Daub  H.  Mutation  of  threonine  766 
in  the  epidermal  growth  factor  receptor  reveals  a  hotspot 
for  resistance  formation  against  selective  tyrosine  kinase 
inhibitors.  J  Biol  Chem  2003;278:15435-40. 

10.  Blencke  S,  Zech  B,  Engkvist  O,  et  al.  Characterization 
of  a  conserved  structural  determinant  controlling 
protein  kinase  sensitivity  to  selective  inhibitors.  Chem 
Biol  2004;11:691-701. 

11.  Sato  M,  Vaughan  MB,  Girard  L,  et  al.  Multiple 
oncogenic  changes  (K-RAS(V12),  p53  knockdown,  mu¬ 
tant  EGFRs,  pl6  bypass,  telomerase)  are  not  sufficient  to 
confer  a  full  malignant  phenotype  on  human  bronchial 
epithelial  cells.  Cancer  Res  2006;66:2116-28. 

12.  Bailey-Wilson  JE,  Amos  Cl,  Pinney  SM,  et  al.  A  major 
lung  cancer  susceptibility  locus  maps  to  chromosome 
6q23-25.  Am  J  Hum  Genet  2004;75:460-74. 

13.  Rojas  M,  Yao  S,  Lin  YZ.  Controlling  epidermal  growth 
factor  (EGF)-stimulated  Ras  activation  in  intact  cells  by 
a  cell-permeable  peptide  mimicking  phosphorylated 
EGF  receptor.  J  Biol  Chem  1996;271:27456-61. 

14.  Kobayashi  S,  Shimamura  T,  Monti  S,  et  al.  Transcrip¬ 
tional  profiling  identifies  cyclin  D1  as  a  critical 
downstream  effector  of  mutant  epidermal  growth  factor 
receptor  signaling.  Cancer  Res  2006;66:11389-98. 

15.  Kosaka  T,  Yatabe  Y,  Endoh  H,  et  al.  Mutations  of  the 
epidermal  growth  factor  receptor  gene  in  lung  cancer: 
biological  and  clinical  implications.  Cancer  Res  2004;64: 
8919-23. 


16.  Yamamoto  M,  Kurosu  T,  Kakihana  K,  Mizuchi  D, 
Miura  0.  The  two  major  imatinib  resistance  mutations 
E255K  and  T315I  enhance  the  activity  of  BCR/ABL  fusion 
kinase.  Biochem  Biophys  Res  Commun  2004;319:1272-5. 

17.  Garcia  de  Palazzo  IE,  Adams  GP,  Sundareshan  P,  et  al. 
Expression  of  mutated  epidermal  growth  factor  receptor 
by  non-small  cell  lung  carcinomas.  Cancer  Res  1993;53: 
3217-20. 

18.  Moscatello  DK,  Holgado-Madruga  M,  Godwin  AK, 
et  al.  Frequent  expression  of  a  mutant  epidermal  growth 
factor  receptor  in  multiple  human  tumors.  Cancer  Res 
1995;55:5536-9. 

19.  Inukai  M,  Toyooka  S,  Ito  S,  et  al.  Presence  of 
epidermal  growth  factor  receptor  gene  T790M  mutation 
as  a  minor  clone  in  non- small  cell  lung  cancer.  Cancer 
Res  2006;66:7854-8. 

20.  Sellers  TA,  Bailey-Wilson  JE,  Elston  RC,  et  al. 
Evidence  for  mendelian  inheritance  in  the  pathogenesis 
of  lung  cancer.  J  Natl  Cancer  Inst  1990;82:1272-9. 

21.  Yang  P,  Schwartz  AG,  McAllister  AE,  Swanson  GM, 
Aston  CE.  Lung  cancer  risk  in  families  of  nonsmoking 
probands:  heterogeneity  by  age  at  diagnosis.  Genet 
Epidemiol  1999;17:253-73. 

22.  Chen  PL,  Sellers  TA,  Bailey-Wilson  JE,  Rothschild  H, 
Elston  RC.  Segregation  analysis  of  smoking-associated 
malignancies:  evidence  for  mendelian  inheritance.  Am  J 
Hum  Genet  1991;49. 

23.  Bunn  PAJ,  Soriano  A.  New  therapeutic  strategies  for 
lung  cancer:  biology  and  molecular  biology  come  of  age. 
Chest  2000;117:163-8S. 


Cancer  Res  2007;  67:  (10).  May  15,  2007  4670  www.aacrjournals.org 

Downloaded  from  cancerres.aacrjournals.org  on  July  29,  201 1 
Copyright  ©  2007  American  Association  for  Cancer  Research 


INTERNATIONAL  JOURNAL  OF  ONCOLOGY  31:  129-136,  2007 


Inhibition  of  Stat3  activation  and  tumor  growth  suppression  of 
non-small  cell  lung  cancer  by  G-quartet  oligonucleotides 

PRIYA  WEERASINGHE1 ,  GABRIELA  E.  GARCIA1 ,  QIQING  ZHU1 , 

PING  YUAN3,  LILIFENG1,  LI  MAO3  and  NAIJIE  JING1  2 

19  Q 

Department  of  Medicine,  and  Dan  Duncan  Cancer  Center,  Baylor  College  of  Medicine;  Department  of  Thoracic/ 
Head  and  Neck  Medical  Oncology,  The  University  of  Texas  MD  Anderson  Cancer  Center,  Houston,  TX,  USA 


Received  February  20,  2007;  Accepted  April  12, 2007 


Abstract.  Lung  cancer  is  the  leading  cause  of  cancer  mortality 
in  the  United  States.  Despite  advances  made  over  the  past 
decades,  the  overall  survival  of  patients  with  lung  cancer 
remains  dismal.  Here  we  report  novel  G-quartet  oligodeoxy- 
nucleotides  (GQ-ODN)  that  were  designed  to  selectively  target 
signal  transducer  and  activator  of  transcription  3  (Stat3),  in 
the  treatment  of  human  non-small  cell  lung  cancer  (NSCLC). 
The  objective  of  this  study  was  to  evaluate  the  effects  of  two 
novel  GQ-ODN  STAT3  inhibitors,  T40214  and  T40231,  on 
NSCLC  bearing  nude  mice.  NSCLC  bearing  nude  mice  were 
assigned  to  5  groups,  which  were  treated  by  vehicle,  control 
ODN,  T40214,  T40231,  and  Paclitaxel,  respectively.  Tumors 
were  measured,  isolated  and  analyzed  using  Western  blotting, 
immuno-histochemistry,  RPA  and  TUNEL.  Results  show 
that  GQ-ODN  T40214  and  T40231  significantly  suppress 
the  growth  of  NSCLC  tumors  in  nude  mice  by  selectively 
inhibiting  the  activation  of  Stat3  and  its  downstream  proteins 
Bcl-2,  Bcl-xL,  Mcl-1,  survivin,  VEGF,  Cyclin  D1  and  c-myc; 
thereby,  promoting  apoptosis  and  reducing  angiogenesis  and 
cell  proliferation.  These  findings  validate  Stat3  as  an  important 
molecular  target  for  NSCLC  therapy  and  demonstrate  the 
efficacy  of  GQ-ODN  in  inhibiting  Stat3  phosphorylation. 

Introduction 

Lung  cancer  is  one  of  the  most  prevalent  cancers  and  a 
leading  cause  of  cancer  mortality  worldwide.  In  the  United 
States,  approximately  170,000  people  are  diagnosed  with 
lung  cancer  each  year  (1,2);  approximately  85%  of  those 
diagnosed  die  of  the  disease.  The  number  of  lung  cancer 
deaths  exceeds  those  due  to  breast,  prostate,  and  colon 
cancers  combined  (3).  Lung  cancer  has  two  major  subtypes 
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based  on  histology,  i.e.  small  cell  lung  cancer  (SCLC)  and 
non-small  cell  lung  cancer  (NSCLC)  which  account  for  85% 
of  all  lung  cancers.  More  than  60%  of  all  NSCLC  patients 
have  advanced  or  metastatic  tumors  at  the  time  of  diagnosis 
and  are  not  suitable  for  surgery  (3).  Despite  advances  made 
in  treating  the  disease  over  the  past  two  decades,  the  overall 
survival  of  patients  with  NSCLC  remains  extremely  poor  (4). 
Therefore,  innovative  treatment  approaches  that  employ  new 
agents  targeting  novel  molecules  are  urgently  needed.  In  this 
regard,  Stat3,  a  critical  mediator  of  oncogenic  signaling  that 
is  highly  activated  in  a  wide  variety  of  human  tumors  (5), 
may  hold  promise. 

Signal  transducer  and  activator  of  transcription  (STAT) 
proteins  were  discovered  as  latent  cytoplasmic  transcription 
factors  (6).  Seven  known  mammalian  STAT  proteins  (i.e., 
Statl,  2,  3,  4,  5a,  5b,  and  6)  are  involved  in  immune  response, 
inflammation,  proliferation,  differentiation,  development,  cell 
survival,  and  apoptosis  (5).  These  proteins  contain  several 
domains:  a  tetramerization  domain,  a  coil-coil  domain,  a 
DNA-binding  domain,  a  linker  domain,  an  Src-homology  2 
(SH2)  domain,  a  critical  tyrosine  residing  near  the  C-terminal 
end,  and  a  C-terminal  transactivation  domain  (7,8).  STAT 
proteins  are  activated  in  response  to  the  binding  of  a  number 
of  ligands,  including  cytokines  (e.g.,  IL-6)  and  growth  factors 
(e.g.,  EGF),  to  their  cognate  cell  surface  receptors,  and  are 
recruited  to  specific  phosphotyrosine  residues  within  receptor 
complexes  through  their  SH2  domains;  they  subsequently 
become  phosphorylated  on  the  tyrosine  residue  within  their 
C-terminus  and  dimerize  through  reciprocal  interactions 
between  the  SH2  domain  of  one  monomer  and  the  phosphoryl¬ 
ated  tyrosine  of  the  other.  The  activated  dimers  translocate 
to  the  nucleus,  where  they  bind  to  DNA-response  elements 
in  the  promoters  of  target  genes  and  activate  specific  gene 
expression  programs  (9). 

Stat3  has  been  identified  as  an  important  target  for  cancer 
therapy,  since  it  participates  in  oncogenesis  through  the 
upregulation  of  genes  encoding  apoptosis  inhibitors  (Bcl-xL, 
Mcl-1,  and  survivin),  cell-cycle  regulators  (cyclin  D1  and 
c-myc),  and  inducers  of  angiogenesis  (VEGF)  (9).  Mounting 
evidence  has  shown  that  Stat3  is  also  constitutively  activated  in 
many  human  cancers,  including  82%  of  prostate  cancers,  70% 
of  breast  cancers,  over  90%  of  head  and  neck  cancers,  and 
more  than  50%  of  lung  cancers  (10-13).  These  findings  provide 
a  strong  rationale  for  targeting  Stat3  to  treat  human  cancers. 
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Recently,  we  laid  the  groundwork  to  develop  G-quartet 
oligodeoxynucleotide  (GQ-ODN),  which  forms  G-quartet 
helical  DNA  structures,  as  a  potent  inhibitor  of  Stat3  activation. 
In  our  preliminary  studies,  we  have:  i)  demonstrated  that 
GQ-ODN  selectively  inhibits  Stat3  activation  in  cancer  cells; 
ii)  developed  a  novel  delivery  system  for  GQ-ODN,  to  increase 
drug  activity  in  cells  and  in  vivo ;  and  iii)  shown  that  GQ-ODN 
T40214  and  T40231  significantly  suppress  tumor  growth  and 
greatly  increase  the  survival  of  nude  mice  with  tumors  in 
which  Stat3  is  activated  (14-16).  This  report  is  a  part  of  our 
systematic  in  vivo  examination,  which  aims  to  determine 
whether  Stat3  as  an  oncogenic  signaling  molecule  will  have 
the  same  influence  on  tumor  progression  in  different  human 
cancers  and  whether  GQ-ODN  will  have  a  similar  effect  on 
suppressing  tumor  growth  in  different  xenografted  models 
under  the  same  conditions.  Here  we  have  demonstrated  that: 
i)  as  a  critical  oncogenic  signaling  pathway,  Stat3  strongly 
influences  the  progression  of  NSCLC  in  vivo ;  and  ii)  targeting 
the  Stat3  molecule  with  GQ-ODN  constitutes  a  novel  and 
potent  therapeutic  treatment  for  NSCLC.  We  also  provide 
experimental  evidence  for  the  proposed  mechanism,  that  a 
tyrosine-phosphorylated  STAT  dimer  is  quickly  dephos- 
phorylated  when  the  STAT  dimer  is  dissociated  from  DNA 
in  cells  (17,18).  Based  on  the  results,  we  suggest  that  GQ- 
ODN  is  a  novel  and  promising  class  of  anti-cancer  drug  in 
the  treatment  of  metastatic  tumors. 

Materials  and  methods 

Materials.  The  following  polyclonal  antibodies  were  obtained 
from  Santa  Cruz  Biotechnology,  Inc.  (Santa  Cruz,  CA):  anti- 
Stat3;  anti-Statl;  anti-Cyclin  D1  against  amino  acids  1-295, 
which  represents  full-length  cyclin  D1  of  human  origin; 
anti-VEGF;  anti-Bcl-xL;  and  anti-Bcl-2.  Phospho-specific 
antibodies,  p-Statl  and  p-Stat3,  were  purchased  from  Cell 
Signaling  Technology  (Beverly,  MA).  Goat  anti-rabbit 
horseradish  peroxidase  (HRP)  conjugate  was  purchased 
from  Bio-Rad  Laboratories  (Hercules,  CA),  goat  anti-mouse 
HRP  conjugate  was  purchased  from  BD  Transduction  Lab¬ 
oratories  (Lexington,  KY).  Penicillin,  streptomycin,  RPMI- 
1640  medium,  fetal  bovine  serum  (FBS),  and  0.4%  trypan 
blue  vital  stain  were  obtained  from  Invitrogen  Corporation/ 
Life  Technologies,  Inc.  (Grand  Island,  NY).  Oligonucleotides 
were  synthesized  by  The  Midland  Certified  Reagent  Company, 
Inc.  (Midland,  TX),  dissolved  in  Polyethylenimine  (PEI) 
(Aldrich  Chemical,  WI)  as  a  1  pig/ pi  stock  solution,  and  stored 
at  room  temperature  (RT). 

Cell  lines  and  cell  culture.  The  cell  lines  used  in  our  studies 
included:  A549  (human  non- small  cell  lung  carcinoma);  H292 
(human  lung  epithelial  cell  carcinoma);  and  H359,  H596, 
HI 792,  and  HI 299  cells,  which  were  purchased  from  ATCC 
(Manassas,  VA).  These  cell  lines  were  cultured  in  DMEM 
medium  supplemented  with  10%  FBS,  100  units/ml  penicillin, 
and  100  pig! ml  streptomycin. 

Western  blot  analysis.  To  determine  the  effect  of  GQ-ODN 
on  Stat3  phosphorylation,  cytoplasmic  extracts  were  prepared, 
as  previously  described  (14),  from  murine  tumor  tissue  or 
A549  lung  cancer  cells  that  had  been  pretreated  with  GQ-ODN. 


Lung  tumor  cells  (1  million  cells  per  well  in  6-well  plates) 
were  first  pre-treated  with  IL-6  (25  ng/ml)  or  EGF  (25  ng/ml) 
for  30  min.  Cells  were  then  washed  in  serum- free  medium 
and  incubated  with  various  concentrations  (1.4-142  p  M)  of 
GQ-ODN/PEI  complexes  for  24  h.  Cells  were  lysed  with  cell 
lysis  buffer  and  30  pig  of  whole  cell  protein  was  resolved  on 
10%  SDS-PAGE  gel,  transferred  to  a  nitrocellulose  membrane, 
blocked  with  5%  nonfat  milk,  and  probed  with  specific  anti¬ 
body  against  Stat3  and  tyrosine-phosphorylated  Stat3  (p-Stat3). 
Xenografted  tumors  were  harvested  at  the  end  of  treatment, 
diced  into  small  pieces,  and  sonicated  on  ice  for  2  min.  Tumor 
tissue  (100  mg)  was  lysed  in  300  pi  of  lysis  buffer  containing 
protease  and  phosphatase  inhibitors.  Tumor  tissue  protein 
(50  pig)  was  resolved  on  SDS-PAGE  and  probed  by  specific 
antibodies,  as  previously  described.  The  bands  were  quantitated 
using  a  Personal  Densitometer  Scanner  (version  1.30)  and 
ImageQuant  software  (version  3 .3)  (GE  Healthcare/ Amersham 
Biosciences). 

Animal/ xenograft  model.  Athymic  nude  mice  (Balb-nu/nu, 
4  weeks  old,  weighing  approximately  20  g)  were  obtained 
from  Charles  River  Laboratories,  Inc.  (Wilmington,  MA); 
2.5  million  A549  NSCLC  cells  in  200  pi  of  PBS  were  then 
injected  subcutaneously  into  the  right  flank  of  each  mouse. 
After  the  NSCLC  tumors  were  established  (50-150  mm3),  the 
nude  mice  were  randomly  assigned  to  5  groups  of  5  (or  4): 
Group  1,  was  treated  with  PEI  (2.5  mg/kg)  (vehicle)  alone; 
Group  2  was  treated  with  paclitaxel  (a  conventional  chemo¬ 
therapeutic  agent)  at  10  mg/kg;  Group  3  was  treated  with 
GQ-ODN  T402 14/PEI  (10  mg/kg/+2.5  mg/kg);  and  Group  4 
was  treated  with  GQ-ODN  T4023 1/PEI  (10  mg/kg/+2.5  mg/ 
kg)  and  Group  5  was  treated  with  ns-ODN/PEI  (10  mg/kg/ 
+2.5  mg/kg)  (control  ODN).  PEI  and  ODNs  were  administered 
every  other  day  and  paclitaxel  was  injected  intraperitoneally 
(IP)  every  4  days.  Weight  and  tumor  size  were  measured  every 
other  day.  Tumor  size  was  calculated  by  using  the  function  [a 
x  (0.5b)2],  where  a  equals  the  length  and  b  equals  the  width 
of  tumors. 

RNase  protection  assay  (RPA).  RPA  was  performed,  as 
previously  described  (19,20).  Briefly,  for  each  sample  prepared 
from  NSCLC  tumor  tissue,  five  micrograms  of  total  RNA 
were  used  in  the  RNase  protection  assay.  Probes  specific  to 
survivin,  c -myc,  and  Mcl-1  mouse  genes  were  prepared.  Mouse 
Angio-1,  Apo-2,  and  CYC-1  multi-probes  were  obtained  from 
BD  Biosciences/Pharmingen  (San  Diego,  CA).  An  RNase 
protection  assay  was  performed  using  a  kit  (Torrey  Pines 
Biolabs,  Inc.;  Houston,  TX),  in  accordance  with  the  manu¬ 
facturer's  instructions.  The  32P[UTP]  (3000  Ci/mmol,  Re¬ 
labeled  antisense  RNA  probes  were  synthesized  using  mCK5 
multi-probes  (BD  Biosciences/Pharmingen)  as  templates, 
through  an  in  vitro  transcription  system  (Promega  Corporation; 
Madison,  WI).  Antisense  RNA  probes  were  hybridized  with 
the  RNA  samples  at  90°C  for  25  min.  Unhybridized  single- 
stranded  RNA  was  digested  by  ribonuclease  A/Tl  (Sigma- 
Aldrich;  St.  Louis,  MO)  for  30  min.  Double- stranded  RNA 
was  precipitated  by  stop  solution  at  -80°C  for  15-30  min,  and 
centrifuged  at  maximum  speed  for  30  min.  The  samples  were 
resolved  by  6%  sequencing  gel.  Subsequently,  the  gels  were 
dried  and  exposed  to  X-ray  film. 
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Figure  1.  (A)  The  structures  of  GQ-ODN  T40214  and  T40231.  (B)  Western 
blot  analysis  shows  the  inhibition  of  Stat3  phosphorylation  by  GQ-ODNs 
T40214  and  T40231  in  NSCLC  cells  (A549).  Comparing  with  the  control 
band  (lane  1),  T40214  significantly  inhibited  the  expression  of  p-Stat3  in 
NSCLC  cells  (A549)  (IC50  =  5.4  pM).  p-Stat3  and  T-Stat3,  phosphorylated 
Stat3  and  total  Stat3,  respectively.  PEI  did  not  inhibit  p-Stat3  (lane  2),  and 
GQ-ODN  T40214  did  not  inhibit  p-Statl  and  p-Stat5  in  A549  cells.  (C) 
T40214  did  not  inhibit  the  expression  of  p-JAKl  and  p-JAK2  in  A549  cells. 
B  actin  served  as  the  internal  control. 


Hematoxylin  and  eosin  staining.  Xenografted  tumors  were 
harvested  from  athymic  mice  treated  with  vehicle  alone  (PEI), 
GQ-ODN  T40214,  GQ-ODN  T40231,  and  paclitaxel,  fixed 
(with  10%  formaldehyde  in  paraffin),  sectioned  (5-pm  tissue 
sections)  and  stained  with  hematoxylin  and  eosin  (H&E). 

Terminal  deoxyribonucleotidyl  transferase-mediated  dUTP 
nick  end  labeling  (TUNEL)  analysis.  Tissue  sections  (5  pm) 
were  mounted  on  siliconized  glass  slides,  air  dried,  and  heated 
at  45 °C  overnight.  After  deparaffinization  and  rehydration, 
the  sections  were  digested  with  proteinase  K  (120  pg/m\) 
for  20  min  at  room  temperature.  Following  quenching  of  the 
endogenous  peroxidase  activity,  the  sections  were  washed  in 
PBS,  and  subsequently  incubated  with  equilibration  buffer 


for  10  min  at  room  temperature.  Sections  were  boiled  and  50  p\ 
of  a  mix  containing  terminal  deoxynucleotidyl  transferase, 
reaction  buffer  containing  dATP,  and  digoxigenin-ll-dUTP 
was  then  added.  The  sections  were  covered  with  a  plastic 
coverslip,  washed  in  stop/wash  buffer  for  10  min  at  room 
temperature,  and  subsequently  washed  in  PBS.  The  sections 
were  then  incubated  with  anti-digoxigenin  peroxidase  for 
30  min  at  room  temperature  and  washed  in  PBS.  Color 
development  was  accomplished  through  immersion  of  the 
slides  in  3 '3  diaminobenzidine/0.1%  H202  for  3-7  min.  Sections 
were  counterstained  with  ethyl  green,  washed  in  butanol, 
cleared  in  xylol  and  mounted  with  permount. 

Results 

Inhibition  of  Stat3  activation  by  GQ-ODN.  Recently,  we 
have  developed  GQ-ODNs  as  a  new  class  of  Stat3  inhibitors. 
We  have  previously  reported  that  the  leading  compounds, 
T40214  and  T40231,  selectively  inhibit  Stat3  activity  (IC50  = 
5  pM)  in  the  cells  of  prostate,  breast  and  head  and  neck  cancers 
(14,16).  Here  we  employed  Western  blotting  to  ascertain  if 
GQ-ODN  inhibits  Stat3  phosphorylation  in  NSCLC  cells.  The 
sequences  and  structures  of  GQODN  T40214  and  T40231 
have  been  previously  delineated  (Fig.  1A)  (14).  PEI  (poly- 
ethylenimine)  was  used  as  vehicle  for  intracellular  delivery 
of  ODN  at  the  ODN/PEI  ratio  of  4:1.  B-actin  was  used  as  the 
loading  control.  When  compared  to  the  tyrosine-phosphorylated 
Stat3  (p-Stat3)  band  in  lane  1,  lane  2  shows  that  PEI  alone 
has  no  inhibitory  effect  on  p-Stat3  in  NSCLC  cells.  The  p-Stat3 
was  significantly  reduced  when  the  concentration  of  T40214 
increased  (lanes  3  to  6).  The  IC50  of  p-Stat3  dephosphorylation 
for  T40214  was  -5.4  pM.  Along  with  p-Stat3,  we  also  detected 
tyrosine-phosphorylated  Statl  (p-Statl)  and  Stat5  (p-Stat5) 
in  NSCLC  cells  under  similar  experimental  conditions. 
Importantly,  we  found  that  GQ-ODN  T40214  does  not  inhibit 
the  activation  of  p-Statl  nor  p-Stat5  in  NSCLC  cells,  showing 
that  GQ-ODN  T40214  selectively  inhibits  p-Stat3  activation 
(Fig.  IB).  Furthermore,  tyrosine-phosphorylated  JAK1  (p- 
JAK1)  and  JAK2  (p-JAK2)  were  also  detected  in  NSCLC 
cells;  and  were  not  found  to  be  inhibited  by  GQ-ODN  T40214. 
This  further  reinforces  the  specificity  of  GQ-ODN  to  the 
selective  inhibition  of  Stat3  protein  (Fig.  1C). 

GQ-ODN  suppressed  the  growth  of  NSCLC  tumors.  Assessing 
the  effectiveness  of  a  drug  in  animal  models  is  an  important 
step  toward  establishing  its  potential  clinical  utility.  To  this 
end,  we  utilized  nude  mice  xenografts  as  animal  models  of 
in  vivo  drug  testing  in  order  to  evaluate  the  anti-cancer  potential 
of  GQ-ODN.  First,  nude  mice  were  injected  subcutaneously 
with  NSCLC  cells  (e.g.,  A549)  in  which  Stat3  is  constitutively 
active.  After  tumors  were  established  (vol.  50-150  mm3), 
treatment  of  nude  mice  with  NSCLC  (A549)  tumors  was 
performed  by  intraperitoneal  (IP)  injection.  The  nude  mice 
were  randomly  assigned  to  5  groups  (4  or  5  mice  in  each 
group):  Group  1  was  treated  with  PEI  alone  (2.5  mg/kg); 
Group  2  was  treated  with  paclitaxel  (a  clinical  drug)  (10  mg/ 
kg);  Groups  3  and  4  were  treated  with  T4023 1/PEI  and 
T40214/PEI  (10  mg/kg/+2.5  mg/kg),  respectively;  and  Group  5 
was  treated  by  ns-ODN/PEI  (10  mg/kg/+2.5  mg/kg).  PEI  and 
ODNs  were  administered  every  two  days;  paclitaxel  was 
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Figure  2.  The  photographs  show  nude  mice  with  NSCLC  tumors  treated  by 
PEI  alone  (left  panels)  and  by  GQ-ODN  T402 14/PEI  (right  panels)  over  a 
period  of  21  days,  (A)  at  the  beginning  of  treatment  and  (B)  at  the  end  of 
treatment.  (C)  Tumor  volumes  versus  days  of  drug  treatment  for  the  five 
groups  of  mice:  i)  treated  by  PEI  alone;  ii)  treated  by  paclitaxel;  iii)  treated 
by  T4023 1/PEI;  iv)  treated  by  T40214/PEI;  and  v)  treated  by  ns-ODN/PEI. 


injected  every  four  days,  to  ensure  safety  of  the  mice  from 
toxicity.  Results  demonstrate  that,  over  the  21 -day  treatment 
period,  i)  the  mean  size  of  NSCLC  tumors  in  the  PEI-  and  ns- 
ODN-treated  mice  increased  from  93  to  1144  mm3  and  from 
53  to  1334  mm3,  respectively;  ii)  the  mean  size  of  NSCLC 
tumors  in  the  paclitaxel-treated  mice  increased  from  88  to 
519  mm3;  and  iii)  the  mean  size  of  NSCLC  tumors  in  the 
mice  treated  with  T40231  and  T40214  only  increased  from 
89  to  204  mm3  and  from  83  to  123  mm3,  respectively  (Fig.  2). 
Significant  differences  in  tumor  growth  were  observed  between 
PEI-treated  mice  and  T40214-treated  (p=0.002)  or  T40231- 
treated  mice  (p=0.004)  and  between  the  mice  treated  by 
ns-ODN  (a  control  ODN)  and  by  T40214  (p=0.019)  or  by 
T40231  (p=0.028)  as  well. 


Targets  of  GQODN.  To  determine  the  targets  of  GQ-ODN  and 
possible  mechanism  of  GQ-ODN  suppressing  tumor  growth, 
we  performed  immunoblotting  assays  on  tumor  tissue,  as 
described  in  Materials  and  methods.  Results  demonstrate  the 
expression  of  p-Stat3  and  its  regulated  proteins  in  NSCLC 
tumors  (Fig.  3A).  An  equal  amount  of  protein  from  each  tumor 
sample  was  loaded,  and  the  intensities  of  the  bands  from 
mice  treated  with  T402 14/PEI  (lane  2),  T4023 1/PEI  (lane  3) 
or  paclitaxel  (lane  4),  were  compared  with  that  from  the  PEI- 
treated  mice  (lane  1).  We  found  that  GQ-ODN  T40214  and 
T40231  totally  blocked  expression  of  phosphorylated  Stat3 
(p-Stat3)  and  its  downstream  proteins  (i.e.,  Bcl-2,  Bcl-xL, 
Mcl-1,  survivin,  VEGF,  Cyclin  Dl,  and  c-myc)  in  NSCLC 
tumors.  However,  paclitaxel  did  not  inhibit  p-Stat3,  and  only 
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Figure  3.  (A)  Western  blots  obtained  from  NSCLC  tumors  demonstrate  the 
expression  of  total  Stat3  (T-Stat3),  phosphorylated  Stat3  (p-Stat3),  and  its 
downregulated  proteins,  including  Bcl-2,  Bcl-xL,  Mcl-1,  survivin,  VEFG, 
Cyclin  D1  and  c-myc.  Lane  1,  tumor  treated  by  PEI  alone;  lane  2,  tumor 
treated  by  T402 14/PEI;  lane  3,  tumor  treated  by  T40231/PEI;  and  lane  4, 
tumor  treated  by  paclitaxel.  B  actin  serves  as  the  internal  control.  (B)  RPA 
results  were  obtained  from  tumors  of  two  PEI-treated  mice  (lanes  1  and  2) 
and  two  T40214-treated  mice  (lanes  3  and  4).  The  mRNA  levels  of  the 
Stat3-regulated  genes  in  T40214-treated  tumors  were  much  less  than  in  the 
PEI-treated  control  tumors,  showing  that  Stat3-regulated  transcription  of 
candidate  genes,  i.e.  Mcl-1  (left),  VEGF  (middle),  survivin  (middle),  Bcl-xL, 
and  Bcl-2  (right),  was  inhibited  by  GQ-ODNs.  L32  and  GAPDH  represent 
internal  controls.  (C)  GQ-ODN  T40214  did  not  inhibit  p-Statl  and  p-Stat5 
activation  in  vivo.  (C)  The  proteins  of  Statl  and  Stat5  were  obtained  from 
the  same  tumor  samples  and  under  the  same  experimental  conditions  as 
Stat3.  Comparing  with  proteins  of  total  Statl  (T-Statl)  and  Stat5  (T-Stat5), 
T40214  and  T40231  did  not  inhibit  p-Statl  and  p-Stat5  in  NSCLC  tumors. 


partially  blocked  expression  of  Bcl-xL,  Bcl-2,  survivin,  and 
c-myc  in  NSCLC  tumors. 

To  determine  whether  the  Stat3 -regulated  proteins  (e.g., 
Bcl-2,  Bcl-xL,  Mcl-1,  VEGF,  and  others)  are  inhibited  by 
blocking  Stat3  DNA  transcription  or  directly  by  GQ-ODN, 
an  RNase  protection  assay  (RPA)  was  employed  to  test  the 


H&E 

Figure  4.  (A)  Apoptosis  of  cells  induced  by  GQ-ODN  T40214  in  NSCLC 
tumors.  TUNEL- stained  slides  demonstrate  an  absence  of  TUNEL-positive 
cells  (i.e.,  no  cells  are  stained  dark  brown)  in  placebo-treated  tumors  (top  left 
panel),  whereas  GQ-ODN-treated  tumors  (top  right  panel)  exhibited  a  high 
number  of  TUNEL-positive  tumor  cells  (photographs  x400  magnification). 
The  ratio  of  apoptotic  cells  to  total  cells  increased  10-fold  from  placebo-treated 
tumor  (1.9%)  to  T40214-treated  tumor  (21%).  (B)  Immunohistochemistry  data 
show  that  VEGF,  which  appears  brown  in  the  images,  was  highly  expressed 
in  the  tissue  of  NSCLC  tumors  treated  by  PEI  (the  cycled  areas);  however, 
tumors  treated  by  GQ-ODN  T40214  showed  no  evidence  of  VEGF  (photo¬ 
graphs  x400  magnification).  (C)  H&E  images  show  that  in  PEI-treated  tumors 
(left),  all  NSCLC  cells  were  intact.  In  contrast,  in  GQ-ODN-treated  tumors 
(right)  most  NSCLC  cells  shrunk,  partially  resulting  in  necrosis  (the  circled 
area)  (photographs  xlOO  magnification). 


mRNA  of  the  Stat3 -regulated  genes  in  NSCLC  tumors.  The 
results,  obtained  from  the  tumors  of  two  PEI-treated  mice 
(lanes  1  and  2)  and  two  T40214/PEI-treated  mice  (lanes  3 
and  4),  clearly  show  that  the  level  of  mRNA  of  Mcl-1 ,  VEGF, 
bcl-x,  and  bcl-2  in  T402 14/PEI- treated  tumors  were  much 
lower  than  those  in  the  PEI-treated  tumors  (Fig.  3B).  The 
mRNAs  of  L32  and  GAP  were  equally  loaded  as  controls. 
The  RPA  data  provide  solid  evidence  that  GQ-ODNs  inhibit 
the  activation  of  Bcl-2,  Bcl-xL,  Mcl-1,  survivin,  VEGF,  Cyclin 
Dl,  and  c-myc  in  NSCLC  tumors  through  the  disruption  of 
Stat3  transcription. 

Independent  of  Stat3,  Statl  and  Stat5  are  also  active  in 
human  cancers,  including  NSCLC;  and  therefore  the  selective 
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A.  Complex  of  p-Stat3  dimer/DNA  B,  Complex  of  p-Stat3  dimer/T40214 


Figure  5.  The  complexes  of  p-Stat3  dimer  with  DNA  and  of  p-Stat3  dimer  with  T40214  are  demonstrated  in  A  and  B,  respectively.  The  binding  energies 
between  Stat3  dimer  and  DNA  and  between  Stat3  dimer  and  T40214  were  calculated  as  -231  kal/mol  and  -73  kal/mol,  respectively.  (A)  30  H-bonds  are 
formed  between  p-Stat3  dimer  and  DNA  in  the  residues  of  M331  to  V432  of  DNA  binding  domains  (7),  and  (B)  seven  H-bonds  are  formed  between  p-Stat3 
dimer  and  T40214  in  the  residues  of  Q643  to  N647  of  SH2  domains.  The  residues  in  Stat3  forming  H-bonds  with  DNA  or  T40214  are  shown  in  stick  and  ball 
types.  DD  denotes  DNA  binding  domain  and  SH2  denotes  SH2  domain. 


targeting  of  Stat3  becomes  a  key  factor  in  the  development  of 
a  potent  Stat3  inhibitor.  Using  Western  blot  analysis  we  have 
shown  that  GQ-ODN  T40214  and  T40231  do  not  target  Statl 
and  Stat5.  A  comparison  of  the  bands  was  made  between 
T-Statl  (total  Statl)  and  p-Statl  and  between  T-Stat5  (total 
Stat5)  and  p-Stat5  of  each  tumor  treated  with  PEI,  T40214, 
T40231  and  paclitaxel,  respectively.  Results  demonstrate  an 
absence  of  inhibition  of  Statl  and  Stat5  activation  in  GQ-ODN 
T40214-  and  T40231 -treated  NSCLC  tumors  (Fig.  3C).  These 
results  from  tumor  tissues  are  consistent  with  that  obtained 
from  NSCLC  cells. 

Tumor  apoptosis  and  angiogenesis.  We  set  out  to  determine 
if  suppression  of  tumor- growth  by  GQ-ODN  T40214  and 
T40231  was  associated  with  an  increase  in  apoptosis  and 
reduction  in  angiogenesis  in  tumors.  The  TUNEL  assay 
based  on  labeling  the  apoptotic  cells  with  cleaved  DNA 
fragments  at  the  single  cell  level  was  performed  to  quantify 
apoptosis  in  tumors  and  light  microscopy  was  used  for  data 
analysis.  The  apoptotic  tumor  cells  were  stained  dark  brown 
via  TUNEL-positive  staining,  and  the  normal  tumor  cells 
remained  unstained.  Results  show  significant  apoptosis  in 
NSCLC  tumors  treated  by  GQ-ODN  T40214  (Fig.  4A,  right 
panel),  when  compared  with  NSCLC  tumors  treated  by  PEI 
alone  (Fig.  4A,  left  panel).  The  analyses  of  the  TUNEL- 
positive  cells  among  total  cells  indicated  that  the  percentage 
of  apoptotic  cells  in  PEI-treated  tumors  was  1.9%  while  that 
in  T40214-treated  tumors  increased  to  21.1%  (p<0.0002, 
Wilcoxin  rank  sum  test)  (Fig.  4A,  bottom  panel). 

VEGF  staining  was  performed  using  immunohistochemistry 
with  peroxidase-labeled  secondary  antibodies;  negative  controls 
(first  incubation  step,  without  primary  antibody)  were  also 


included.  When  no  staining  was  observed,  the  result  was 
considered  negative,  whereas,  moderate  staining  in  the  majority 
of  the  cells  was  considered  positive.  Slides  were  incubated 
with  a  mouse  anti- VEGF  monoclonal  antibody.  VEGF  was 
highly  expressed  in  the  tissue  of  NSCLC  tumors  treated  by 
PEI  alone  (the  cycled  areas)  (Fig.  4B,  left  panel);  however, 
VEGF  was  not  observed  in  the  tumors  treated  by  GQ-ODN 
(Fig.  4B,  right  panel).  These  observations  are  consistent  with 
the  Western  blotting  results,  which  indicate  that  the  expression 
of  VEGF  was  totally  blocked  in  GQ-ODN-treated  tumors,  but 
not  in  PEI-treated  tumors.  Microscopy  with  H&E  staining 
clearly  showed  GQ-ODN-treatment  to  cause  tumor  cell 
shrinkage  with  chromatin  condensation  and  partial  necrosis 
(Fig.  4C,  right  panel);  in  contrast,  PEI-treatment  did  not  result 
in  such  changes  in  tumors  (Fig.  4C,  left  panel). 

Discussion 

Although  chemotherapy  provides  a  clinically  significant  benefit 
for  patients  with  advanced  NSCLC,  the  improvement  of 
survival  for  these  patients  is  only  modest  (21);  thus,  there  is  a 
need  to  search  for  novel  therapeutics.  Haura  et  al  showed  that 
p-Stat3  was  highly  expressed  in  54%  of  NSCLC  primary 
tumors,  suggesting  that  Stat3  is  a  promising  molecular  target 
for  lung  cancer  (22).  Our  results  show  that  when  GQ-ODN 
was  incubated  with  NSCLC  cells  for  24  h,  T40214  selectively 
inhibited  Stat3  phosphorylation.  Moreover,  GQ-ODN  T40214 
did  not  inhibit  the  activation  of  JAK  kinases,  the  upstream 
proteins  of  STAT.  In  addition,  our  results  in  cell  and  tumor 
clearly  show  that  GQ-ODN  selectively  inhibits  the  activation 
of  Stat3,  but  not  Statl  and  Stat5,  both  in  vitro  and  in  vivo. 
The  selective  inhibition  of  Stat3  activation  for  GQ-ODN  in  vivo 
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is  considered  beneficial  to  prospective  clinical  studies  with 
regard  to  GQ-ODN  since  this  selective  targeting  of  Stat3 
becomes  a  key  factor  in  the  development  of  a  potent  Stat3 
inhibitor.  Independent  of  Stat3,  Statl  and  Stat5  are  also  active 
in  many  human  cancers  (5).  Stat5-induced  cell  survival 
promotion  has  a  potent  oncogenic  role  similar  to  Stat3  (21). 
Statl,  which  acts  in  a  pro-apoptotic  and  anti-proliferative 
manner,  seems  to  be  a  tumor  suppressor  whose  functions 
totally  differ  from  those  of  Stat3  (22,23). 

In  our  previous  studies  (14,16),  we  demonstrated  that 
GQ-ODN  predominantly  interacts  with  the  p-Stat3  dimer  in 
the  range  of  amino  acid  residues  638  to  652,  within  the  SH2 
domains.  The  selective  inhibition  of  p-Stat3  activity  by  GQ- 
ODN  is  based  upon  a  few  critical  residues  that  form  a  local 
structure  different  from  that  of  p- Statl  dimer.  In  the  p-Stat3 
dimer,  the  paired  residues  of  Q643  and  N646  repel  one  another 
to  form  a  channel  conformation,  in  which  GQ-ODN  is  held  by 
seven  H-bonds.  However,  the  corresponding  paired-residues 
of  Statl  dimer,  K637  and  S640,  lock  the  dimer  together; 
thereby,  blocking  the  interaction  of  GQ-ODN  with  Statl. 
Destabilizing  the  complex  between  p-Stat3  dimer  and  DNA 
is  a  critical  step  for  the  dephosphorylation  of  p-Stat3  by  GQ- 
ODN.  GQ-ODN  T40214  promotes  p-Stat3  dephosphorylation 
by  blocking  DNA  binding  to  p-Stat3  dimer  and  forming  an 
unstable  complex  between  GQ-ODN  T40214  and  p-Stat3 
dimer  (3D  model  shown  in  Fig.  5).  This  unstable  complex  will 
dephosphorylate  faster  than  the  DNA  complex.  Computational 
energy  calculation  supported  this  hypothesis.  The  binding 
energy  for  the  complexes  DNA/p-Stat3  dimer  and  GQ-ODN 
T40214/p-Stat3  dimer  are  -213  kcal/mol  and  -73  kcal/mol, 
respectively.  This  selective  inhibition  of  Stat3  phosphorylation 
observed  in  GQ-ODN-treated  tumors  (Fig.  3)  is  one  of  the 
greatest  advantages  of  GQ-ODN  as  an  anti-cancer  drug. 

We  have  demonstrated  that  T40214  and  its  analog  T40231 
totally  blocked  p-Stat3  and  its  downstream  target  proteins, 
including  anti-apoptotic  proteins:  Bcl-2,  Bcl-xL,  Mcl-1,  and 
survivin;  inducer  of  angiogenesis,  VEGF;  and  the  proteins 
for  cell  proliferation:  Cyclin  Dl,  and  c-myc  in  tumor  tissue 
(Fig.  3A).  Additionally,  we  also  have  demonstrated  that  GQ- 
ODN  also  blocks  the  transcription  of  Stat3 -regulated  genes: 
Bcl-2,  Bcl-xL,  Mcl-1,  survivin,  and  VEGF  in  tumor  tissue 
(Fig.  3B).  To  our  knowledge,  this  is  the  first  report  to  provide 
in  vivo  evidence  of  the  relationship  between  Stat3  and  its 
regulated  genes  and  proteins,  although  it  has  been  observed 
in  cell  culture  previously  (5).  The  inhibition  of  Stat3  protein 
induced  a  tremendous  increase  in  apoptosis  (Fig.  4A)  and  a 
concomitant  decrease  in  angiogenesis  (Fig.  4B)  and  cell 
proliferation  in  tumors,  all  of  which  strongly  deter  tumor 
growth.  Consequently,  the  inhibition  of  Stat3  activation,  which 
significantly  promotes  apoptosis  and  reduces  angiogenesis 
and  cell  proliferation,  strongly  suppressed  tumor  growth. 

Molecules  of  JAK/STAT  signaling  pathways,  in  particular 
Stat3,  have  been  validated  to  be  potential  targets  for  cancer 
therapy  and  much  effort  has  been  made  to  develop  novel 
anticancer  drugs  targeting  Stat3  (24-49).  Our  systematic  in  vivo 
analysis  (14,16)  has  shown  that  GQ-ODN  as  an  anti-cancer 
agent  selectively  targeted  Stat3  and  significantly  suppressed 
the  tumor  growth  of  a  variety  of  tumors  in  nude  mouse 
xenografts:  prostate  cancer  (p=0.001);  breast  cancer  (p=0.001); 
head  and  neck  squamous  cell  carcinoma  (HNSCC)  (p<0.001); 


and  NSCLC  (p=0.002).  This  demonstrates  that  GQ-ODN  has 
the  capacity  to  be  a  potent  Stat3  inhibitor,  and  represents  a 
novel  and  promising  class  of  anti-cancer  drug  in  the  treatment 
of  metastatic  human  tumors. 
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Background:  The  aim  of  this  study  is  to  investigate  the  prognostic  role  of  phosphorylated  AMP-activated  protein 
kinase  (pAMPK)  in  surgically  resected  non-small-cell  lung  cancer  (NSCLC). 

Methods:  Immunohistochemical  staining  of  pAMPK  was  carried  out  on  tissue  microarrays  containing  463  samples 
obtained  from  patients  with  NSCLC  and  correlated  with  clinicopathological  characteristics  and  survival. 

Results:  pAMPK  expression  levels  were  significantly  higher  in  never  smokers  versus  former  smokers  versus  current 
smokers  (P  =  0.045).  A  positive  pAMPK  expression  was  associated  with  increased  overall  survival  (OS)  and 
recurrence-free  survival  (RFS)  (P  =  0.0009  and  P  =  0.0007,  respectively).  OS  and  RFS  were  statistically  superior  in 
pAMPK- positive  than  in  pAMPK-negative  patients  with  adenocarcinoma  (ADC;  median  OS:  5.6  and  4.2  years, 
respectively,  P  =  0.0001 ;  median  RFS:  5.0  and  2.4  years,  respectively,  P  =  0.001),  whereas  they  were  similar  in  those 
patients  with  squamous  cell  carcinoma.  Multivariate  analysis  confirmed  that  pAMPK  positivity  was  associated  with  OS 
[hazard  ratio  (HR)  =  0.574,  95%  confidence  interval  (Cl)  0.418-0.789,  P  =  0.0006)  and  RFS  (HR  =  0.608,  95%  Cl 
0.459-0.807,  and  P  =  0.0006),  independent  of  clinical  covariates. 

Conclusions:  High  pAMPK  expression  levels  are  associated  with  increased  survival  in  patients  with  NSCLC, 
especially  those  with  ADC.  Our  results  support  further  evaluation  of  AMP-activated  protein  kinase  as  a  potential 
prognostic  and  therapeutic  target  for  lung  cancer. 

Key  words:  AMP-activated  protein  kinase,  LKB1 ,  non-small-cell  lung  cancer,  tobacco  smoking 


introduction 

Lung  cancer  is  a  leading  cause  of  cancer  death  worldwide.  Non¬ 
small-cell  lung  cancer  (NSCLC)  accounts  for  ~75%-80%  of  lung 
cancer  cases  and  carries  a  5 -year  survival  rate  of  ~10%-15%  for 
all  stages.  Unfortunately,  most  patients  with  NSCLC  are 
diagnosed  in  an  advanced  stage  with  local  or  distant  metastases. 
Therefore,  development  of  new  therapeutic  strategies  is  urgently 
needed  for  the  treatment  of  NSCLC.  Because  cancer  has  been 
envisioned  as  a  signaling  disease,  identification  of  biochemical 
signaling  molecules  that  have  a  critical  role  in  cell  growth, 
survival,  and  metabolism  would  provide  valuable  prognostic  and 
predictive  biomarkers  for  the  strategies. 

In  the  past  few  years,  several  lines  of  evidence  implicate 
AMP-activated  protein  kinase  (AMPK)  in  many  human 
malignancies,  including  NSCLC.  AMPK  is  a  serine/threonine 
protein  kinase  that  acts  as  a  cellular  fuel  sensor  and 
intermediary  metabolism  regulator.  AMPK  is  allosterically 
activated  under  conditions  that  decrease  the  ATP  :  AMP 
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ratio,  such  as  glucose  deprivation,  hypoxia,  ischemia,  and 
heat  shock  [  1  ] .  AMPK  is  also  activated  by  phosphorylation 
following  activation  of  the  upstream  serine/threonine  kinase 
LKB1  [2]  or  of  other  receptor-mediated  signal  transduction 
cascades  by  extracellular  hormonal  stimuli  such  as  adiponectin 
[3]  and  leptin  [4],  AMPK  has  been  suggested  as  a  key  cellular 
fuel  sensor  and  may  couple  energy  metabolism  with  cell 
proliferation.  Once  activated,  AMPK  phosphorylates  and 
inactivates  several  metabolic  enzymes  involved  in  ATP- 
consuming  events  (e.g.  synthesis  of  fatty  acids,  cholesterol,  and 
protein)  and  activates  metabolic  pathways  involved  in  ATP 
production  (e.g.  glucose  uptake,  glucose  and  fatty  acid 
oxidation)  [5]. 

Researchers  have  recently  implied  that  AMPK  is  involved  in 
carcinogenesis.  AMP-mimetic  5-aminoimidazole-4- 
carboxamide  ribonucleoside  (AICAR)  is  a  potent  AMPK 
activator  that  can  inhibit  the  proliferation  of  various  cancer 
cell  lines  in  vitro  and  in  vivo  by  increasing  p21CIP,  p27KIP,  and 
p53  levels  and  attenuating  Akt  and  mammalian  target  of 
rapamycin  (mTOR)  phosphorylation  [6-8].  The  mTOR 
pathway  integrates  nutrient  and  mitogen  signals  to  regulate 
cell  growth  and  division  by  stimulating  the  initiation  of 
translation  [9],  and  activation  of  AMPK  can  suppress  mTOR 
signaling  by  hormones  and  amino  acids  [7],  leading  to 
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impairment  of  cell  growth  and  proliferation  by  down¬ 
regulating  protein  synthesis  [9].  The  relationship  between 
AMPK  and  LKB1,  which  functions  as  a  tumor  suppressor 

[10] ,  further  supports  its  potential  role  in  carcinogenesis. 
Mutated  Lkbl  loses  its  kinase  activity  and  impairs  downstream 
signaling  of  AMPK,  leading  to  unsuppressed  cell  proliferation 

[11] .  Lkbl  is  mutated  in  patients  with  Peutz-Jeghers  syndrome, 
who  have  an  increased  risk  of  cancer  (including  lung  cancer) 

[12] .  Sporadic  mutations  of  the  Lkbl  gene  occur  in  up  to  34% 
of  patients  with  lung  adenocarcinomas  (ADCs)  [13,  14]. 

In  fact,  surprisingly  little  is  known  about  the  role  of 
phosphorylated  AMP -activated  protein  kinase  (pAMPK)  in 
NSCLC.  In  this  context,  we  designed  the  current  study  to  address 
this  paucity  of  translational  information.  Here,  we  sought  to 
identify  the  expression  of  pAMPK  in  lung  tumor  samples  in 
a  large  patient  cohort  and  to  correlate  the  expression  pattern  of 
pAMPK  with  clinicopathological  data  and  patient  survival. 

methods 

case  selection  and  tissue  microarray  construction 

Archived,  formalin-fixed  paraffin-embedded  (FFPE)  tumor  samples  resected 
from  patients  with  NSCLC  were  obtained  from  previously  described  tissue 
banks  at  The  University  of  Texas  MD  Anderson  Cancer  Center  [15].  Samples 
obtained  from  patients  with  available  staging  information  were  included  in 
our  analysis  (N  =  463).  The  tissue  samples  were  collected  from  1997  to  2005 
and  classified  using  the  2004  World  Health  Organization  classification 
system.  The  patients’  baseline  characteristics  are  listed  in  Table  1.  Tissue 
microarrays  (TMAs)  containing  three  1-mm-diameter  cores  from  each 
tumor  were  constructed.  The  TMAs  were  prepared  using  a  manual  tissue 
arrayer  (Advanced  Tissue  Arrayer  ATA100;  Chemicon  International, 
Temecula,  CA).  A  chart  review  was  carried  out  to  retrieve  detailed  clinical 
and  pathological  information,  including  demographic  data,  smoking  history, 
pathologic  TNM  (tumor-node-metastasis)  stage  [16],  and  overall  survival 
(OS)  and  recurrence- free  survival  (RFS)  duration. 

immunohistochemistry 

Expression  of  pAMPK  was  measured  via  immunostaining  with  an  anti- 
pAMPKoc  antibody  (Thrl72;  Cell  Signaling  Technology,  Danvers,  MA)  at 
a  dilution  of  1  :  100.  Five-micron-thick  FFPE  TMA  histological  sections  of 
the  samples  were  deparaffinized,  hydrated,  heated  in  a  steamer  for  10  min 
with  10  mM  sodium  citrate  (pH  6.0)  for  antigen  retrieval,  and  washed  in 
Tris  buffer.  Peroxide  blocking  was  carried  out  with  3%  H202  in  methanol 
at  room  temperature  for  15  min  followed  by  10%  bovine  serum  albumin  in 
Tris-buffered  saline  with  Tween  20  for  30  min  at  room  temperature.  The 
slides  were  incubated  with  a  primary  antibody  at  room  temperature; 
afterward,  they  were  washed  with  phosphate-buffered  saline  (PBS)  and  then 
incubated  with  a  biotin-labeled  secondary  antibody  for  30  min.  Finally,  the 
samples  were  incubated  with  a  1  :  40  solution  of  streptavidin-peroxidase 
for  30  min.  The  stains  were  then  developed  with  0.05%  3',3- 
diaminobenzidine  tetrahydrochloride  that  had  been  freshly  prepared  in 
0.05  mol/1  Tris  buffer  (pH  7.6)  containing  0.024%  H202  and  then 
counterstained  with  hematoxylin,  dehydrated,  and  mounted.  FFPE  lung 
tissue  samples  containing  normal  bronchial  epithelia  were  used  as  positive 
controls.  Also,  the  primary  antibody  in  each  positive  control  was  replaced 
with  PBS;  the  resulting  samples  were  used  as  negative  controls. 

scoring  of  pAMPK  expression  in  TMAs 

pAMPK  expression  was  predominantly  detected  in  the  cytoplasm  of 
tumor  cells  (Figure  1).  The  expression  of  pAMPK  was  quantified  by  two 
independent  observers  (CB  and  IIW)  who  were  unaware  of  the  patients’ 
outcomes.  Cytoplasmic  expression  of  pAMPK  was  quantified  using 


a  four- value  intensity  score  (0,  1+,  2+,  and  3+)  and  the  percentage  of  the 
extent  of  reactivity.  Next,  the  cytoplasmic  expression  score  was  calculated 
by  multiplying  the  intensity  and  reactivity  extension  values  (range  0-300). 
Tumors  with  pAMPK  score  >1  were  considered  positive  staining. 

statistical  analysis 

Summary  statistical  analysis  of  pAMPK  expression  levels  was  carried  out 
according  to  patient  baseline  characteristics.  Associations  between 
categorical  variables  were  assessed  by  y2  test  or  Fisher’s  exact  test.  The 
Wilcoxon  rank  sum  test  or  Kruskal-Wallis  test  was  used  to  compare 
pAMPK  expression  in  different  subgroups  defined  by  categorical  variables, 
such  as  gender  or  smoking  history,  when  appropriate.  Spearman’s  rank 
correlation  coefficient  was  used  to  estimate  the  correlation  between  age 
and  pAMPK  expression  score.  The  OS  and  RFS  durations  in  patients 
positive  and  negative  for  pAMPK  expression  were  estimated  using  the 
Kaplan-Meier  method  and  compared  using  the  log-rank  test.  Cox 
proportional  hazards  models  were  used  for  multivariate  analysis  of  the 
prognostic  impact  of  pAMPK  positivity,  adjusting  for  other  important 
covariates,  such  as  age,  gender,  histology,  pathologic  stage  and  adjuvant/ 
neoadjuvant  treatment.  All  the  statistical  tests  carried  out  were  two  sided, 
and  P  values  <0.05  were  considered  statistically  significant. 

role  of  the  funding  source 

The  funding  sources  had  no  role  in  the  study  design,  data  analysis,  data 
interpretation,  or  writing  of  this  report.  The  corresponding  author  had 
full  access  to  all  data  and  final  responsibility  for  the  decision  to  submit 
for  publication. 

results 

pAMPK  expression  in  TMAs 

There  were  significantly  more  female  patients  (P  =  0.0032,  y2 
square  test)  and  never  smokers  (P  <  0.0001,  Fisher’s  exact  test) 
in  patients  with  ADC  (Table  1).  The  numbers  of  patients  who 
received  adjuvant  and/or  neoadjuvant  treatment  were  similar 
between  histologies  (P  =  0.87).  The  proportion  of  pNO  was 
not  statistically  different  between  histologies  (P  =  0.20).  The 
cytoplasmic  pAMPK  expression  according  to  the  patients’ 
baseline  characteristics  is  listed  in  Table  2.  We  observed  no 
statistically  significant  differences  in  the  distribution  of  pAMPK 
score  according  to  cancer  type,  race,  tumor  stage,  nodal  status, 
adjuvant  or  neoadjuvant  treatment,  sex,  or  age.  pAMPK 
expression  levels  were  significantly  higher  in  never  smokers 
than  in  former  and  current  smokers  [P  =  0.0319  (Wilcoxon 
rank  sum  test)  ] .  The  direction  was  consistent  when  we 
carried  out  the  analysis  after  stratification  of  the  pAMPK 
expression  scores  according  to  sex  (data  not  shown).  We 
observed  that  65.2%  (195  of  299)  of  the  patients  with  ADC  and 
73.8%  (121  of  164)  of  those  with  squamous  cell  carcinoma 
(SCC)  had  positive  pAMPK  expression  scores,  a  difference  that 
was  not  statistically  significant  [Table  2;  P  =  0.058  (y2  test)]. 

survival 

After  a  median  follow-up  duration  of  4.1  years  for  the  censored 
observations  (data  cut-off:  September  2010),  the  median  OS 
duration  was  5.6  years  and  the  3-  and  5 -year  survival  rates  were 
76.1%  [95%  confidence  interval  (Cl)  71.5%  to  81.1%]  and 
59.9%  (95%  Cl  53.8%  to  66.8%),  respectively,  in  patients  with 
positive  pAMPK  expression  scores.  In  comparison,  the  median 
OS  duration  was  4.1  years  and  the  3-  and  5-year  survival  rates 
were  62.1%  (95%  Cl  54.6%  to  70.7%)  and  40.9%  (95%  Cl 
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Table  1.  Patients’  characteristics 


Feature 

NSCLC  histologic  typea 

Adenocarcinoma 
{n  |  299),  n  (%) 

Squamous  carcinoma 
(; n  =  164),  n  (%) 

P  value 

Total 

(N  =  463),  n  (%) 

Median  age  (range),  years 

65  (32-89) 

68  (44-90) 

0.0353 

66  (32-89) 

Sex 

Male 

134  (44.8) 

97  (59.1) 

0.0032 

232  (50.1) 

Female 

165  (55.2) 

67  (40.9) 

231  (49.9) 

Smoking  statusb 

Never 

48  (16.1) 

1  (0.6) 

<0.0001 

49  (10.6) 

Former 

133  (44.5) 

79  (48.2) 

212  (45.8) 

Current 

118  (39.5) 

84  (51.2) 

202  (43.6) 

Race 

Caucasian 

273  (91.3) 

149  (90.9) 

0.87 

422  (91.1) 

Others 

26  (8.7) 

15  (9.1) 

41  (8.9) 

(Neo)adjuvant  treatment 

No 

140  (46.8) 

73  (44.5) 

0.0159 

213  (46.0) 

Adjuvant 

19  (6.4) 

21  (12.8) 

40  (8.6) 

Neoadjuvant 

84  (28.1) 

45  (27.4) 

129  (27.9) 

Both 

26  (8.7) 

5  (3.0) 

31  (6.7) 

Unknown 

30  (10.0) 

20  (12.2) 

50  (10.8) 

T  category0 

1 

120  (40.1) 

58  (35.4) 

0.35 

178  (38.4) 

2 

145  (48.5) 

85  (51.8) 

230  (49.7) 

3 

11  (3.7) 

11  (6.7) 

22  (4.8) 

4 

23  (7.7) 

10  (6.1) 

33  (7.1) 

N  category0 

0 

214  (71.8) 

107  (65.6) 

0.0460 

321  (69.6) 

1 

42  (13.8) 

37  (22.7) 

78  (16.9) 

2 

43  (14.4) 

19  (11.7) 

62  (13.4) 

X 

1  (0.3) 

1  (0.6) 

2  (0.4) 

Final  stage0 

I 

184  (61.5) 

93  (56.7) 

0.25 

277  (59.8) 

II 

82  (27.4) 

58  (35.4) 

140  (30.2) 

III 

21  (7.0) 

10  (6.1) 

31  (6.7) 

IV 

12  (4.0) 

3  (1.8) 

15  (3.2) 

Never  smoker:  an  adult  who  has  never  smoked  or  who  has  smoked  <100  cigarettes  in  his  or  her  lifetime;  former  smoker:  an  adult  who  has  smoked  at  least  100 
cigarettes  in  his  or  her  lifetime  but  who  had  quit  smoking  at  the  time  of  interview;  current  smoker:  an  adult  who  has  smoked  100  cigarettes  in  his  or  her 
lifetime  and  who  currently  smokes  cigarettes. 
aValues  are  number  of  cases  unless  otherwise  indicated. 

bSmoking  history  was  assigned  based  on  the  CDC  definitions  (http://www.cdc.gov/nchs/nhis/tobacco/tobacco_glossary.htm,  accessed  on  29  June  2010). 
According  to  the  American  Joint  Committee  on  Cancer  Staging  Manual  sixth  edition. 

CDC,  Center  for  Disease  Control  and  Prevention;  N,  node;  NSCLC,  non- small- cell  lung  cancer;  T,  tumor. 


32.3%  to  51.9%),  respectively,  in  patients  with  negative 
pAMPK  expression  scores.  The  unadjusted  hazard  ratio  (HR) 
for  death  associated  with  positive  pAMPK  expression  scores 
was  0.615  [95%  Cl  0.460-0.822;  P  =  0.0009  (log-rank  test)] 
(Figure  2A).  Similarly,  the  5-year  RFS  rate  was  26.7%  in 
patients  with  negative  pAMPK  expression  scores  versus  46.1% 
in  patients  with  positive  pAMPK  expression  scores  [HR  0.642 
(95%  Cl  0.496-0.831);  P  =  0.0007  (log-rank  test)]  (Figure  2B). 
Interestingly,  OS  durations  were  longer  in  patients  with  ADC 
who  had  positive  pAMPK  expression  scores  than  in  those  who 
had  negative  pAMPK  scores  (median  OS  duration:  5.6  and  4.2 
years,  respectively;  P  =  0.0001)  (Figure  3A).  We  also  observed 
a  significant  difference  in  RFS  durations  in  patients  with  ADC 
who  had  positive  and  negative  pAMPK  expression  scores 


(median  RFS  duration:  5.0  and  2.4  years,  respectively; 

P  =  0.001)  (Figure  3C),  whereas  OS  and  RFS  were  similar  but 
not  significantly  different  between  negative  and  positive 
pAMPK  groups  in  patients  with  SCC  (Figure  3B  and  D).  We 
observed  no  similar  interactions  of  pAMPK  expression  with  sex 
or  smoking  history  (data  not  shown). 

We  carried  out  a  multivariate  analysis  to  determine  whether 
the  pAMPK  expression  level  was  an  independent  prognostic 
factor  in  the  study  population.  Younger  age,  female  sex,  and 
earlier  stage  were  all  associated  with  increased  OS  duration, 
thus  validating  our  retrospectively  selected  cohort  of  patients. 
Adjuvant  and/or  neoadjuvant  treatment  was  not  significantly 
affecting  the  patient  survival.  After  adjusting  for  these  known 
prognostic  factors,  the  HR  for  death  in  patients  with  positive 
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Squamous  Cell  Carcinoma  Adenocarcinoma 


Figure  1 .  Representative  microphotographs  of  cytoplasmic  expression  of  pAMPK  in  samples  of  primary  NSCLCs.  Expression  of  pAMPK  in  SCC  and  ADC: 
(A  and  B)  pAMPK  staining  in  SCC  with  xlOO  magnification  (A)  and  X400  magnification  (B);  (C  and  D)  pAMPK  staining  in  ADC  with  xlOO  magnification 
(C)  and  X400  magnification  (D).  pAMPK,  phosphorylated  AMP-activated  protein  kinase;  NSCLC,  non- small- cell  lung  cancer;  SCC,  squamous  cell 
carcinoma;  ADC,  adenocarcinoma. 


pAMPK  expression  scores  to  that  in  patients  with  negative 
pAMPK  expression  scores  was  0.574  (95%  Cl  0.418-0.789; 

P  =  0.0006)  (Table  3).  Similarly,  the  adjusted  HR  for 
recurrence  in  patients  with  positive  pAMPK  expression  scores 
to  that  in  patients  with  negative  pAMPK  expression  scores  was 
0.608  (95%  Cl  0.459-0.807;  P  =  0.0006).  When  we  carried  out 
the  multivariate  analysis  in  each  histology  subgroup,  the  benefit 
of  positive  pAMPK  was  significant  in  patients  with  ADC  [HR 
for  OS:  0.456  (0.303-0.686),  P  =  0.0002  and  HR  for  RFS:  0.576 
(0.403-0.823),  P  =  0.0025]  but  not  significant  in  patients  with 
SCC  (Tables  4  and  5). 

discussion 

Although  growing  evidence  supports  a  role  of  AMPK  in  human 
cancers,  researchers  have  placed  little  emphasis  on  the  prognostic 
value  of  AMPK  activation.  The  aim  of  the  present  study  was  to 
elucidate  the  potential  implications  of  pAMPK,  as  a  surrogate 
marker  for  activated  AMPK,  in  the  survival  of  patients  with 
NSCLC.  Notably,  we  observed  that  pAMPK  expression  levels 
were  significantly  higher  in  lung  tumors  obtained  from  never 
smokers  than  in  those  obtained  from  ever  smokers.  Most 
importantly,  patients  with  particularly  positive  expression  of 
pAMPK  showed  significantly  improved  survival  durations.  In 
our  subgroup  analysis,  we  found  that  the  survival  benefit  of  high 
pAMPK  expression  may  be  limited  in  patients  with  ADC.  These 
findings  indicate  that  pAMPK  is  a  potential  prognostic 
biomarker  for  NSCLC  patients,  especially  those  with  ADC.  To 
our  knowledge,  this  is  the  first  study  to  examine  the  expression 
of  pAMPK  in  a  large  cohort  of  patients  with  NSCLC. 


A  number  of  studies  in  the  literature  have  suggested  that 
AMPK  is  a  key  cellular  fuel  sensor  and  may  couple  energy 
metabolism  with  cell  proliferation.  Li  et  al.  [17]  demonstrated 
that  induced  overexpression  of  AMPK-bl  inhibited  growth  of 
H1299  human  lung  carcinoma  cells.  In  the  study  of  Han  and 
Roman  [18],  rosiglitazone  (a  peroxisome  proliferator-activated 
receptor-y  agonist)  had  antiproliferative  effects  that  were 
mediated  by  peroxisome  proliferator-activated  receptor- 
y-independent  activation  of  AMPK  and  consequent  inhibition  of 
mTOR  in  H1792  and  H1838  human  NSCLC  cells.  Furthermore, 
our  previous  study  has  recently  demonstrated  that  the  cancer¬ 
preventing  properties  and  proapoptotic  activities  of  deguelin, 
a  natural  product  with  cancer  chemopreventive  and  therapeutic 
activities,  were  mediated  by  activation  of  AMPK,  ultimately 
leading  to  inhibition  of  mTOR  and  suppression  of  survivin 
expression  in  an  in  vitro  model  of  lung  carcinogenesis  [8].  While 
most  of  these  findings  support  the  function  of  AMPK  as  a  tumor 
suppressor  [8,  17,  19],  some  studies  have  suggested  that 
activation  of  AMPK  may  protect  cells  against  apoptosis  under 
special  conditions,  such  as  metabolic  stress  [20,  21].  Carretero 
et  al.  [11],  for  example,  demonstrated  that  AMPK  has  a  dual 
effect  on  survival  of  lung  cancer  cell  lines  depending  on  the 
activation  status  of  the  upstream  molecule  LKB1.  They  observed 
that  following  glucose  withdrawal,  the  AMPK  activator  AICAR 
significantly  reduced  cell  death  in  Lkbl  wild-type  cell  lines.  In 
contrast,  following  glucose  deprivation,  AICAR  did  not  improve 
cell  viability  in  lines  with  an  inactivating  mutation  of  Lkbl.  These 
results  indicate  that  in  the  presence  of  LKB1  signaling,  activated 
AMPK  may  protect  cells  against  nutrient  deprivation- induced 
apoptosis. 
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Table  2.  Patients’  characteristics  according  to  pAMPK  expression 


Negative  pAMPK  Positive  pAMPK  P  valuea 
( n  =  147),  ( n  =  316), 

n  (%)  n  (%) 

Age,  median  age  (range), 

65  (39-87) 

66  (32-90) 

0.45 

years 

Gender 

0.47 

Female 

70  (47.6) 

162  (51.2) 

Male 

77  (52.4) 

154  (48.8) 

Race 

0.08 

Caucasian 

129  (87.8) 

293  (92.7) 

Non- Caucasian 

18  (12.2) 

23  (7.3) 

Histology 

0.06 

Adenocarcinoma 

104  (70.7) 

195  (61.7) 

Squamous  cell  carcinoma 

43  (29.3) 

121  (38.3) 

Smoking 

0.045 

Never  smoker 

10  (6.8) 

39  (12.3) 

Former  smoker 

62  (42.2) 

150  (47.5) 

Current  smoker 

75  (51.0) 

127  (40.2) 

(Neo)adjuvant  treatment 

0.47 

No 

65  (44.2) 

148  (46.8) 

Neoadjuvant 

10  (6.8) 

30  (9.5) 

Adjuvant 

38  (25.9) 

91  (28.8) 

Both 

13  (8.8) 

18  (5.7) 

Unknown 

21  (14.3) 

29  (9.2) 

T  categoryb 

0.61 

T1 

63  (42.9) 

115  (36.4) 

T2 

68  (46.3) 

162  (51.3) 

T3 

6  (4.1) 

16  (5.1) 

T4 

10  (6.8) 

23  (7.3) 

N  category3 

0.66 

NO 

97  (66.9) 

224  (70.1) 

N1 

26  (17.9) 

52  (16.5) 

N2 

22  (15.2) 

40  (12.7) 

Nx 

2  (1.4) 

0  (0.0) 

Final  stageb 

0.45 

I 

82  (55.8) 

195  (61.7) 

II 

50  (34.0) 

90  (28.4) 

III  and  IV 

15  (10.2) 

31  (9.8) 

aP  values  are  calculated  by  Wilcoxon  rank  sum  test  for  age  and  by  chi- 
square  test  for  all  the  other  variables. 

bAccording  to  the  American  Joint  Committee  on  Cancer  Staging  Manual 
sixth  edition. 

pAMPK,  phosphorylated  AMP-activated  protein  kinase;  T,  tumor;  N,  node. 

Our  attempt  to  further  understand  the  role  of  AMPK  in 
lung  cancers  has  led  us  to  evaluate  the  expression  of  pAMPK  in 
lung  cancer.  In  a  recent  study,  Conde  et  al.  [22]  evaluated  the 
expression  of  phosphorylated  acetyl-CoA  carboxylase  (pACC), 
a  substrate  of  active  AMPK,  by  immunohistochemistry  (IHC) 
in  surgically  resected  lung  cancer  patients  (AT  =  159).  The 
investigators  observed  elevated  pACC  expression  in  patients 
with  ADC  than  in  patients  with  SCC.  Furthermore,  they 
observed  significantly  longer  survival  durations  in  ADC 
patients  with  high  pACC  (96  months)  than  in  those  with  low 
pACC  (44  months),  even  though  the  number  of  patients  was 
quite  small  (N  =  28  and  18,  respectively).  Although  the  result 
of  OS  analysis  in  the  whole  study  population  was  not 
statistically  significant,  their  data  suggest  that  pACC  might  be 


a  clinically  relevant  prognostic  marker  for  the  patients  with 
NSCLC.  In  the  present  study,  patients  with  high  levels  of 
pAMPK  expression  exhibited  improved  RFS.  These  findings  are 
consistent  with  the  previous  report  showing  a  favorable 
prognostic  impact  of  pACC  expression  in  NSCLC. 

We  observed  a  significantly  greater  expression  of  pAMPK  in 
never  smokers  than  in  smokers.  Given  the  inhibitory  function 
of  Akt  on  AMPK  activity  [23],  one  possible  explanation  for 
this  observation  may  be  via  the  activation  of  Akt  by  tobacco 
components,  including  4-(methylnitrosamino)-l-(3-pyridyl)- 
1-butanone  and  nicotine  [24].  Interestingly,  we  observed  that 
elevated  pAMPK  expression  was  significantly  associated  with 
histological  feature  of  ADC  patients.  In  a  recent  pivotal  trial 
[25],  patients  with  nonsquamous  cell  lung  cancer  exhibited 
survival  benefit  from  treatment  with  pemetrexed,  which  is  also 
known  to  activate  AMPK  [26].  This  is  consistent  with  the 
present  study  and  suggests  a  different  role  of  AMPK  according 
to  the  histologies. 

Given  the  role  of  LKB1  in  AMPK  activation,  researchers  have 
assessed  LKB1  -inactivating  mutations  in  NSCLC.  A  previous 
study  observed  LKB1- inactivating  mutations  in  34%  of  patients 
with  lung  ADC  and  19%  of  patients  with  lung  SCC  (N  =  144), 
although  rare  in  patients  with  other  forms  of  sporadic  cancers 
[14].  Another  report  confirmed  that  LKB1  -inactivating 
mutations  were  not  uncommon  in  lung  cancer  cases  (18.1%  of 
188  lung  ADC  cases)  [27].  In  general,  investigators  have 
frequently  detected  Lkbl  mutations  in  male,  white  patients,  and 
smokers  with  ADC  [28-30],  although  the  Lkbl  mutations  were 
not  prognostic  in  those  patients.  Considering  the  small  number 
of  lung  tumor  samples  analyzed  to  date,  however,  cautious 
interpretation  of  the  associations  of  Lkbl  mutation  with  ethnicity 
and  tobacco  exposure  in  these  early  studies  is  warranted.  The 
clinical  implication  of  this  finding  is  that  the  function  of  pAMPK 
in  vivo  may  depend  on  the  presence  or  absence  of  inactivating 
Lkbl  mutations.  Unfortunately,  one  limitation  of  our  study  is  the 
lack  of  information  on  Lkbl  mutational  status,  which  could,  in 
conjunction  with  pAMPK  expression,  further  refine  the 
prognostic  roles  of  these  biomarkers  and  potentially  identify  the 
subset  of  patients  for  whom  pAMPK  could  serve  as  a  therapeutic 
target.  Also,  in  this  preliminary  study,  we  did  not  examine  the 
expression  levels  of  downstream  effectors  of  AMPK,  which  could 
provide  further  evidence  (or  lack  thereof)  of  the  functional  status 
of  pAMPK.  We  acknowledge,  however,  that  other  molecules  of 
signaling  pathways  certainly  correlate  with  prognosis  as  well  and 
may  directly  or  indirectly  interact  with  pAMPK  to  ultimately 
determine  the  natural  history  of  NSCLC.  In  the  future,  we  plan 
to  expand  IHC  analyses  to  include  other  markers  in  these 
samples  as  well,  and  results  will  be  reported  in  future 
publications. 

In  summary,  this  is  the  first  study  to  investigate  the 
distribution  of  pAMPK  expression  in  clinical  lung  tumor 
samples.  We  provide  evidence  of  an  association  of  pAMPK 
expression  with  increased  survival  durations  in  patients  with 
NSCLC.  At  this  point,  the  biological  significance  of  pAMPK 
expression  will  require  further  studies  in  cell  lines  and  animal 
models  to  better  understand  the  impact  of  AMPK  activation  in 
NSCLC.  We  also  show  significantly  higher  pAMPK  expression 
levels  in  never  smokers  than  in  smokers.  While  we  speculate  that 
AMPK  signaling  is  abrogated  in  the  NSCLC  tumors  from 
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A.  Overall  Survival 


B.  Recurrence  Free  Survival 


Number  at  Risk: 


Time  (Years) 


Number  at  Risk: 


Time  (Years) 


pAMPK  positive 

316 

287 

250 

210 

127 

54 

9 

pAMPK  positive  316 

255 

211 

170 

95 

38 

6 

pAMPK  negative 

147 

129 

105 

79 

47 

23 

3 

pAMPK  negative  147 

111 

83 

55 

32 

13 

3 

Figure  2.  Kaplan-Meier  (A)  OS  and  (B)  RFS  curves  for  patients  with  NSCLC  who  had  positive  versus  negative  pAMPK  expression  scores.  Kaplan-Meier 
curves  depicting  OS  and  RFS  according  to  the  expression  levels  of  pAMPK.  The  patient  groups  were  compared  using  the  log-rank  test.  OS,  overall  survival; 
RFS,  recurrence-free  survival;  NSCLC,  non- small- cell  lung  cancer;  pAMPK,  phosphorylated  AMP-activated  protein  kinase. 
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C.  Recurrence  Free  Survival  (ADC) 


Figure  3.  Kaplan-Meier  OS  curves  for  patients  with  (A)  ADC  versus  (B)  SCC  and  RFS  curves  for  patients  with  (C)  ADC  versus  (D)  SCC.  Kaplan-Meier 
curves  depicting  OS  and  RFS  according  to  the  expression  levels  of  pAMPK  in  ADC  (A  and  C)  and  SCC  (B  and  D).  The  patient  groups  were  compared  using 
the  log-rank  test.  OS,  overall  survival;  ADC,  adenocarcinoma;  SCC,  squamous  cell  carcinoma;  RFS,  recurrence- free  survival;  pAMPK,  phosphorylated  AMP- 
activated  protein  kinase. 


nonsmokers,  further  mechanistic  studies  will  be  vital  to  facilitate 
our  understanding  of  this  phenomenon.  In  addition,  correlation 
between  pAMPK  expression  and  Lkbl  mutation  remains 
intriguing  and  potentially  important.  Further  studies  are  also 
needed  to  assess  the  role  of  AMPK  according  to  histological 
subtype  of  human  NSCLC.  These  efforts  should  help  in 
determining  whether  AMPK  is  a  valid  prognostic  marker  and 
therapeutic  target  for  NSCLC  in  specific  patient  subpopulations. 
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Table  3.  Multivariate  analysis  (Cox  proportional  hazards  model)  for  overall  population 


P  values  are  calculated  by  Cox  proportional  hazards  model. 
aRisk  of  death  1.023  times  higher  for  each  year  increase. 

HR,  hazard  ratio;  OS,  overall  survival;  Cl,  confidence  interval;  RFS,  recurrence-free  survival;  ADC,  adenocarcinoma;  SCC,  squamous  cell  carcinoma;  pAMPK, 
phosphorylated  AMP-activated  protein  kinase. 

Table  4.  Multivariate  analysis  (Cox  proportional  hazards  model)  for  OS  and  RFS  in  patients  with  adenocarcinoma  (N  =  299) 


P  values  are  calculated  by  Cox  proportional  hazards  model. 

OS,  overall  survival;  RFS,  recurrence- free  survival;  HR,  hazard  ratio;  Cl,  confidence  interval;  pAMPK,  phosphorylated  AMP-activated  protein  kinase. 
Table  5.  Multivariate  analysis  (Cox  proportional  hazards  model)  for  OS  and  RFS  in  patients  with  squamous  cell  carcinoma  {N  =  164) 


P  values  are  calculated  by  Cox  proportional  hazards  model. 

OS,  overall  survival;  RFS,  recurrence- free  survival;  HR,  hazard  ratio;  Cl,  confidence  interval;  pAMPK,  phosphorylated  AMP-activated  protein  kinase. 
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Abstract:  From  biological,  histopathologic,  and  clinical  perspectives,  lung  cancer  is  a  highly  complex 
neoplasm  probably  having  multiple  preneoplastic  pathways.  The  sequence  of  histopathologic  changes 
in  the  bronchial  mucosa  that  precedes  the  development  of  squamous  carcinomas  of  the  lung  has  been 
identified.  For  the  other  major  forms  of  lung  cancer,  however,  such  sequences  have  been  poorly 
documented.  This  review  summarizes  the  current  knowledge  regarding  the  molecular  and 
histopathologic  pathogenesis  of  lung  cancer  and  discusses  the  complexity  of  identifying  novel 

molecular  mechanisms  involved  in  the  development  of  the  lung  premalignant  disease,  and  their 
relevance  to  the  development  of  new  strategies  for  early  detection  and  chemoprevention.  Although  our 
current  knowledge  of  the  molecular  pathogenesis  of  lung  cancer  is  still  meager,  work  over  the  last 
decade  has  taught  several  important  lessons  about  the  molecular  pathogenesis  of  this  tumor, 

including  the  following:  a)  Better  characterization  of  the  high-risk  population  is  needed,  b)  There  are 
several  histopathologic  and  molecular  pathways  associated  with  the  development  of  the  major  types  of 
non-small  cell  lung  cancer,  c)  Although  there  is  a  field  effect  phenomenon  for  lung  preneoplastic 

lesions,  recent  data  suggest  that  there  are  at  least  two  distinct  lung  airway  compartments  (central  and 
peripheral)  for  lung  cancer  pathogenesis,  d)  Inflammation  may  play  an  important  role  in  lung  cancer 
development  and  could  be  an  important  component  of  the  field  effect  phenomenon,  e)  For  lung 
adenocarcinoma,  at  least  two  pathways  (smoking-related  and  nonsmoking-related)  have  been 
identified,  f)  Finally,  the  identification  of  deregulated  molecular  signaling  pathways  in  lung  cancer 

preneoplasias  may  provide  a  rationale  for  designing  novel  strategies  for  early  detection  and  targeted 
chemoprevention  of  lung  cancer. 

Keywords:  Preneoplasias,  field  effect,  lung  cancer  risk,  inflammation,  smoking,  NF-kB,  EGFR,  KRAS. 


INTRODUCTION 

Lung  cancer  is  the  leading  cause  of  cancer 
deaths  in  the  United  States  and  worldwide  [1,2].  This 
high  mortality  is  attributed  to  diagnosis  at  advanced 
stages,  when  the  options  for  treatment  are  mostly 
palliative.  Thus,  to  reduce  the  mortality  of  lung 
cancer,  new  approaches  must  be  developed  to 
prevent,  diagnose,  and  treat  premalignant  lesions, 
shifting  the  paradigm  to  consider  premalignancy  as 
the  disease  and  lung  cancer  as  the  endpoint. 
However,  the  identification  of  the  early  molecular  and 
histopathologic  pathogenesis  of  lung  cancer 

represents  an  enormous  challenge. 

From  biological,  histopathologic,  and  clinical 
perspectives,  lung  cancer  is  a  highly  complex 
neoplasm  [1],  probably  having  multiple  preneoplastic 
pathways.  Lung  cancer  consists  of  several 
histological  types,  including  small  cell  lung  carcinoma 
(SCLC,  25%  of  cases)  and  the  non-small  cell  lung 
carcinoma  (NSCLC,  75%)  types  of  squamous  cell 
carcinoma,  adenocarcinoma  (including  the  non  - 
invasive  type  of  bronchioloalveolar  carcinoma)  and 
large  cell  carcinoma  [3],  Lung  cancers  may  arise  from 
the  major  bronchi  (central  tumors)  or  from  the  small 
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bronchi,  bronchioles,  or  alveoli  (peripheral  tumors)  of 
the  distant  airway  of  the  lung.  Squamous  cell 
carcinomas  and  SCLCs  usually  arise  centrally, 
whereas  adenocarcinomas  and  large  cell  carcinomas 
usually  arise  peripherally  [3],  The  population  of 
normal  respiratory  epithelial  cells  varies  along 
different  compartments  of  the  respiratory  tree,  and 
the  specific  respiratory  epithelial  cell  type  from  which 
each  lung  cancer  type  develops  has  not  been 
established  with  certainty. 

The  sequence  of  histopathologic  changes  in  the 
bronchial  mucosa  that  precedes  the  development  of 
squamous  carcinomas  of  the  lung  has  been 

identified  (Fig.  1)  [4].  For  the  other  major  forms  of 
lung  cancer,  however,  such  sequences  have  been 
poorly  documented  [5],  Although  many  molecular 
abnormalities  have  been  described  in  clinically 
evident  lung  cancers  [1],  relatively  little  is  known 
about  the  molecular  events  preceding  the 
development  of  lung  carcinomas  and  the  underlying 
molecular  basis  of  lung  carcinogenesis.  Although 
several  studies  have  provided  relevant  information 
regarding  the  molecular  characterization  of  the 
premalignant  changes  involved  in  the  pathogenesis 
of  lung  cancer,  especially  for  squamous  cell 
carcinoma  [6],  that  information  has  proven 

insufficient  to  identify  with  certainty  the  molecular 
pathogenetic  pathways  or  molecular  markers  useful 
for  risk  assessment,  targeted  chemoprevention  or 
treatment,  and  early  detection  of  lung  premalignant 
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lesions.  Attempts  to  better  define  the  pathogenesis 
of  lung  premalignancy  have  been  thwarted  by  the 
relative  invisibility  of  the  cellular  lesions  and  their 
random  distribution  throughout  the  respiratory  airway 
field,  and  new  methodologies,  including  computed 
tomography  (CT)  imaging  [7]  and  fluorescence 
bronchoscopy  [8],  has  been  introduced  to  better 
identify  and  visualize  lung  premalignant  lesions. 
Because  examination  of  the  sputum  and 
bronchoscopy  specimens  examines  the  central 
airways,  whereas  spiral  CT  detects  mainly  peripheral 
tumors,  different  approaches  are  required  to  detect 
tumors  in  different  compartments  of  the  lung. 

This  review  summarizes  the  current  knowledge 
regarding  the  molecular  and  histopathologic 
pathogenesis  of  lung  cancer  and  discusses  the 
complexity  of  identifying  novel  molecular  mechanisms 
involved  in  the  development  of  the  lung 

premalignant  disease,  and  their  relevance  to  the 
development  of  new  strategies  for  early  detection 
and  chemoprevention.  Although  our  current 
knowledge  of  the  molecular  pathogenesis  of  lung 
cancer  is  still  meager,  work  over  the  last  decade  has 
taught  several  important  lessons  about  the  molecular 
pathogenesis  of  this  tumor,  including  the  following: 
a)  Better  characterization  of  the  high-risk  population 


is  needed,  b)  There  are  several  histopathologic  and 
molecular  pathways  associated  with  the 
development  of  the  major  types  of  NSCLC.  c) 

Although  there  is  a  field  effect  phenomenon  for  lung 
preneoplastic  lesions,  recent  data  suggest  that  there 
are  at  least  two  distinct  lung  airway  compartments 
(central  and  peripheral)  for  lung  cancer 

pathogenesis,  d)  Inflammation  may  play  an  important 
role  in  lung  cancer  development  and  could  be  an 
important  component  of  the  field  effect  pheno¬ 

menon.  e)  For  lung  adenocarcinoma,  at  least  two 
pathways  (smoking-related  and  nonsmoking-related) 
have  been  identified,  f)  Finally,  the  identification  of 
deregulated  molecular  signaling  pathways  in  lung 
cancer  preneoplasias  may  provide  a  rationale  for 
designing  novel  strategies  for  early  detection  and 
targeted  chemoprevention  of  lung  cancer. 

HIGH-RISK  POPULATION 

In  lung  cancer,  there  is  a  consensus  that  the 
high-risk  population  targeted  for  early  detection  and 
chemoprevention  efforts  has  been  identified:  heavy 
smokers  and  patients  who  have  survived  a  cancer  of 
the  upper  aerodigestive  tract  [2,9-13].  Evidence  for 
the  relationship  between  lung  cancer  and  smoking  is 
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Fig.  (1).  Summary  of  the  histopatholologic  changes  during  the  pathogenesis  of  squamous  cell  carcinoma  and 

adenocarcinoma  of  the  lung.  At  least  two  types  of  epithelial  cells  (alveolar  and  bronchiolar/bronchial)  have  been  suggested 
as  precursor  of  lung  adenocarcinoma.  (AAH  =  atypical  adenomatous  hyperplasia;  BAC  =  bronchioloalveolar  carcinoma). 
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clear.  The  risk  of  lung  cancer  increases  with  the 
number  of  cigarettes  smoked,  the  years  of  smoking, 
an  earlier  age  of  onset  of  smoking,  the  degree  of 
inhalation,  the  tar  and  nicotine  content  of  the 

cigarettes  smoked,  and  the  use  of  unfiltered 
cigarettes  [2,9-13].  However,  based  on  the  fact  that 
only  1 1  %  of  smokers  develop  lung  cancer,  better 
criteria  are  needed  for  the  identification  of  the  subset 
of  smokers  that  will  develop  lung  cancer. 

Lung  premalignant  lesions  of  the  central  airway 
are  frequent  in  smokers  and  rare  in  never-smokers 
[4-6],  Precisely  how  much  smoking  is  necessary  to 
develop  lung  premalignant  changes  is  unknown,  but 
there  is  consensus  that  the  frequency  and  severity 
of  those  lesions  increases  with  increasing  tobacco 
exposure  [13].  In  the  effort  to  characterize  better  the 
population  of  smokers  at  higher  risk  to  develop  lung 
cancer,  research  has  been  focused  on,  among  other 
characteristics,  sex,  lung  function  abnormalities,  and 
duration  of  cessation  of  smoking.  However,  the  data 
available  are  somehow  controversial.  Although  there 
is  evidence  that  at  every  level  of  exposure  to 
cigarette  smoke,  the  risk  of  lung  cancer  (especially 
SCLC  and  adenocarcinoma)  is  1 . 2-fold  to  1 . 7-fold 
higher  in  women  than  in  men  [14],  a  study  of  central 
bronchial  premalignant  lesions  using  fluorescent 
bronchoscopy  indicated  that  men  had  a  higher 
prevalence  of  high-grade  squamous  premalignant 
lesions  [13].  In  addition  to  smoking,  the  presence  of 
chronic  obstructive  pulmonary  disease  (COPD)  with 
different  levels  of  airway  obstruction  is  a  strong 

indicator  for  the  subsequent  development  of  lung 
cancer,  with  a  1.3-fold  to  4.9-fold  increased  risk  [15]. 
The  risk  of  lung  cancer  increases  in  proportion  to  the 
degree  of  airway  obstruction,  indicating  that  smokers 
with  ventilatory  obstruction  are  at  greater  risk  for  lung 
cancer  than  are  smokers  without  obstruction  [16], 
Notably,  although  smoking  causes  most  cases  of 

COPD,  only  15%  of  smokers  develop  COPD. 
Although  a  high  proportion  (-67%)  of  smokers  with 
COPD  demonstrate  cytological  atypia  compatible 
with  mild  or  worse  dysplastic  changes  [17], 

approximately  50%  of  smokers  demonstrating 
histologically  documented  squamous  premalignant 
lesions  by  fluorescence  bronchoscopy  examination 
do  not  have  airway  obstruction  consistent  with  COPD 
[13].  It  has  been  established  that  in  terms  of 

reduced  risk  of  lung  cancer  mortality,  smoking 
cessation  is  beneficial  at  any  age,  with  much  greater 
benefits  accruing  to  those  quitting  at  younger  ages 
[10].  Although  the  risk  decreases  proportionately 
with  the  number  of  years  after  quitting  [18],  for  men 
the  risk  was  still  significantly  elevated  even  10  years 
after  smoking  cessation  [12],  This  phenomenon 
correlates  with  the  finding  that  the  prevalence  of 
high-grade  premalignant  lesions  is  not  reduced 
significantly  for  more  than  10  years  after  cessation  of 
smoking  [13].  Consequently,  former  smokers  make 
up  a  large  proportion  (-50%)  of  lung  cancer  patients 
in  the  United  States  [11], 

Despite  intense  epidemiological  and  clinical 
research,  the  subset  of  smokers  with  a  greater  risk  of 


developing  lung  cancer  has  not  been  identified  with 
certainty,  and  novel  approaches  to  identify  the  best 
population  to  be  targeted  for  early  detection  and 
chemoprevention  strategies  should  be  devised. 
Those  novel  approaches  could  be  based  on  the 
detection  of  lung  cancer  precursors  using 
histopathologic,  imaging,  or  molecular 
methodologies.  For  these  purposes,  a  better 
understanding  of  the  biology  and  molecular 
pathology  of  the  early  pathogenesis  of  lung  cancer, 
including  premalignancy,  is  needed. 


HISTOPATHOLOGIC  AND  MOLECULAR 
PATHWAYS  FOR  LUNG  CANCER 
DEVELOPMENT 

Most  of  the  molecular  and  histopathologic 
changes  in  the  respiratory  epithelium  associated  with 
lung  cancer  pathogenesis  have  been  related  to 
smoking  [6].  However,  the  recent  discovery  of 
frequent  EGFR  gene  mutations  in  lung  cancer  and 
adjacent  normal  epithelium  in  never-smokers  or  light 
smokers  suggests  the  presence  of  at  least  two 
distinct  pathways  for  the  molecular  pathogenesis  of 
lung  cancer,  smoking-  and  nonsmoking-related 
[19,20].  Because  a  relatively  small  subset  of  smokers 
develops  lung  cancer,  attention  has  been  focused 
on  the  identification  of  specific  molecular  and 
histopathologic  pathways  that  can  predict  lung 

cancer  development  in  high  risk-populations.  One  of 
those  key  pathways,  currently  under  intense 
investigation,  is  the  activation  of  inflammation-related 
pathways.  We  will  focus  this  review  on  the  discussion 
of  the  major  molecular  and  histopathologic  pathways 
at  different  compartments  of  the  lung  airway  that 
have  been  identified  in  the  pathogenesis  of  the 
major  types  of  lung  cancer.  A  summary  of  our  current 
understanding  of  the  molecular  pathways  involved  in 
the  pathogenesis  of  lung  cancer  is  shown  in  Fig.  (2). 

INFLAMMATION  AND  LUNG  CANCER 

Accumulating  evidence  suggests  that  tumor 
progression  is  governed  not  only  by  genetic  changes 
intrinsic  to  cancer  cells  but  also  by  epigenetic  and 
environmental  factors.  Chronic  inflammation  has 
been  hypothesized  as  one  of  the  most  important 
epigenetic  and  environmental  factors  contributing  to 
epithelial  cancer  development  and  tumor  progression 
[21],  A  chronic  inflammatory  process  enhances  cell 
proliferation,  cell  survival,  and  cell  migration  in 
epithelial  cells,  as  well  as  angiogenesis  in  the 

adjacent  stroma,  thereby  promoting  epithelial  tumor 
development  [21],  In  the  last  decades,  inflammation 
and  related  pathways  have  been  suggested  to  play 
an  important  role  in  the  pathogenesis  of  lung  cancer, 
particularly  in  smoking-damaged  respiratory 
epithelium  [22,23].  However,  the  mechanisms 
involved  are  not  well  understood. 

The  specific  cellular  and  molecular  pathways  that 
link  such  inflammatory  responses  to  malignant 
transformation  vary  depending  on  the 
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microorganism,  target  organ,  and  tumor  subtype 
[21,23],  However,  despite  these  differences,  several 
common  features  exist.  A  microbial  presence  in  or 
near  epithelia  provides  a  stimulus  for  recruitment  and 
activation  of  inflammatory  cells  (macrophages, 
neutrophils,  and  lymphocytes)  from  the  blood  stream 
[21].  Cytokines,  chemokines,  and  free  radicals 
initiate  and  perpetuate  inflammatory  responses.  This 
process  leads  to  the  release  of  free  radicals  that 
contribute  to  the  malignant  transformation  of 

epithelial  cells  by  peroxidazing  lipids  and  inducing 
genetic  mutations  [21],  Such  damage  to  epithelial 
cells  stimulates  apoptotic  cell  death  and  reactive 
epithelial  hyperproliferation  that  promotes  further 
mutation.  In  epithelial  sites,  the  nature  of  the 
inflammatory  response  is  governed  initially  by  the 
dominant  type  of  T  helper  lymphocyte  cells  recruited 
to  the  epithelium  in  response  to  inflammation  [24], 
Moreover,  inflammation-related  carcinogenesis 
results  from  the  stimulation  of  angiogenesis  and  from 


inflammatory  cells  and  mediators  that  act  directly  on 
epithelial  cells  and  indirectly  on  stromal  cells  and 
extracellular  matrix  components  [21]. 

The  association  between  chronic  inflammatory 
conditions  of  the  lung  and  cancer  has  been  studied 
extensively  [23],  As  stated  above,  several  studies 
have  found  that  smokers  with  COPD  have  an 

increased  risk  of  lung  cancer  compared  with  smokers 
without  COPD  [23].  In  persons  with  COPD,  at  the 
level  of  the  alveoli,  inflammation  leads  to  protease 
release  and  oxidative  inactivation  of  antiproteases 
by  inflammatory  cells,  contributing  to  degradation  of 
the  extracellular  matrix  [25,26],  At  the  level  of  the 
conducting  airways,  there  is  metaplasia  of  the  airway 
epithelium  to  a  mucus-secreting  phenotype, 
thickening  of  the  airway  wall  from  the  increased 
deposition  of  matrix  molecules  and  the  proliferation 
of  mesenchymal  cells,  and  narrowing  from  fibrosis 
[25,26],  These  changes  are  also  present  in  the 
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Fig.  (2).  Schema  showing  the  association  between  histopathologic  and  molecular  pathways  known  to  be  involved  in  the 
pathogenesis  of  lung  carcinomas.  At  least,  two  pathways,  smoking  and  nonsmoking-associated,  are  involved.  The  smoking 
pathway  includes  several  distinct  mechanisms,  including  inactivation  of  tumor  suppressor  genes  (TSG),  inflammation, 

angiogenesis  and  activation  of  several  signaling  pathways.  However,  currently  the  pathologic  and  molecular  mechanisms 
responsible  of  lung  adenocarcinoma  pathogenesis  are  mostly  unknown.  The  smoking  pathway  includes  smokers  with  and 
without  chronic  obstructive  pulmonary  disease  (COPD). 
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lungs  of  smokers  without  COPD,  but  they  are  not  as 
severe  [21].  COPD  patients  with  40  or  more  pack- 
years  of  smoking  history  have  demonstrated  a  high 
prevalence  of  premalignant  dysplasia  (24%  severe 
and  carcinoma  in  situ)  detectable  through  sputum 
cytology  [28]. 

A  number  of  lines  of  evidence  suggest  that 
chronic  inflammation  contributes  to  the  process  of 
lung  carcinogenesis  through  activation  of  a  number 
of  molecular  pathways,  including  the  nuclear  factor 
kappa  B  (NF-kB)  [22,23],  In  NSCLC  cell  lines,  it  has 
been  demonstrated  that  tobacco  components 
stimulate  NF-KB-dependent  survival  [29],  and  the 
cyclooxygenase  (COX)-2  inhibitor  celecoxib 
suppresses  NF-kB  activation  induced  by  various 
carcinogens  [30],  To  date,  however,  the  activation  of 
NF-kB  has  not  been  studied  comprehensively  in  lung 
cancer  tumors  and  lung  preneoplastic  lesion  tissues. 
Recently,  Tichelaar  et  al.  [31],  reported  findings  of 
increased  nuclear  NF-  kB  expression  in  a  limited 
number  of  squamous  moderate  and  severe 

dysplasias  obtained  from  smokers  without  cancer 
compared  with  normal  epithelium  specimens.  NF-  kB 
has  recently  been  identified  as  a  molecular  link 
between  chronic  inflammation  and  cancer  [32,33], 
suggesting  that  NF-kB  exerts  its  oncogenic  effects  in 
both  the  tumor  and  the  microenvironment,  promoting 
the  survival  of  premalignant  epithelial  cells  [34],  NF- 
kB  has  been  shown  to  suppress  apoptosis  and 
induce  expression  of  proto-oncogenes  such  as  c 
myc  and  cyclin  D1,  which  directly  stimulate  cell 
proliferation  [35].  In  addition,  NF-  kB  regulates  the 
expression  of  various  molecules  important  in 
tumorigenesis,  such  as  matrix  metalloproteinases, 
COX-2,  inducible  nitric  oxide  synthase,  chemokines, 
and  inflammatory  cytokines,  all  of  which  promote 
tumor  cell  invasion  and  angiogenesis  [36]. 

The  eicosanoid  pathway,  specifically  COX-2,  is 
involved  in  the  pathogenesis  of  lung  cancer.  COX-2, 
an  intermediate  early  response  gene  induced  by 
growth  factors,  oncogenes,  carcinogens,  and  tumor  - 
promoter  phorbol  esters  [37],  has  been  shown  to  be 
overexpressed  in  lung  adenocarcinoma  and 
squamous  cell  carcinoma  [38].  Cyclooxygenase 
catalyzes  the  synthesis  of  prostaglandins  from 
arachidonic  acid,  and  both  arachidonic  acid  and 
eicosanoids  are  potent  inflammatory  and  growth 
agents.  Both  preclinical  and  clinical  trials  of  the  effect 
of  celecoxib  on  lung  cancer  prevention  have  shown 
a  marked  reduction  in  prostaglandin  E2  production 

[39] ,  COX-2  immunohistochemical  expression  has 
shown  to  be  highly  expressed  in  bronchial  squamous 
dysplasias,  especially  those  having  high-grade 
histology  (severe  dysplasia  and  carcinoma  in  situ) 

[40] .  Recent  findings  suggest  that  the  COX-2 

inhibitor  celecoxib  may  modulate  the  proliferation 
indices  and  apoptotic  balance  in  the  bronchial  tissue 
of  active  smokers  [41]. 

However,  it  is  currently  unknown  whether  NF-  kB 
or  COX-2  activity  itself  plays  a  causal  role  in  the 
initiation  event  leading  to  lung  cancer  or  whether  it 


may  participate  in  tumor  promotion  and  progression. 
Clearly,  despite  recent  advances,  the  role  of 
inflammation  in  lung  cancer  pathogenesis  still 
remains  an  open  question. 

FIELD  DEFECT  PHENOMENON 

Current  information  suggests  that  lung 
premalignant  lesions  are  frequently  extensive  and 
multifocal  throughout  the  respiratory  epithelium, 
indicating  a  field  effect  [42],  In  this  phenomenon, 
called  field  cancerization,  much  of  the  respiratory 
epithelium  has  been  mutagenized,  presumably  from 
exposure  to  tobacco-related  carcinogens  [43], 

Several  studies  performed  in  the  respiratory 
epithelium  of  lung  cancer  patients  and  smokers  have 
demonstrated  that  multiple  molecularly  altered  foci  of 
bronchial  epithelium  are  present  throughout  the 
airway  [44-46],  A  detailed  analysis  of  premalignant 
and  malignant  epithelium  from  patients  with 

squamous  cell  carcinoma  indicated  that  multiple, 
sequentially  occurring  allele-specific  chromosomal 
deletions  (loss  of  heterozygosity  [LOH])  commence  in 
widely  dispersed,  apparently  clonally  independent 
foci,  early  in  the  multistage  pathogenesis  of 
squamous  cell  carcinoma  of  the  lung  [44,45],  These 
observations  were  extended  to  former  and  current 
smokers  [47,48],  whose  bronchial  epithelia 

demonstrate  multiple  foci  of  genetic  changes,  similar 
to  those  found  in  lung  cancers,  that  may  persist  for 
many  years  after  smoking  cessation  [47],  One  of  the 
most  intriguing  findings  regarding  the  molecular  field 
effect  in  lung  cancer  patients  and  smokers  is  the 
high  frequency  of  multiple  foci  of  histologically  normal 
and  mildly  abnormal  (hyperplasia  and  squamous 
metaplasia)  epithelia  exhibiting  molecular 
abnormalities  [44,45,47-49],  Because  at  least  some 
degree  of  inflammation  and  inflammatory-related 
damage  is  almost  invariably  present  in  the  central 
and  peripheral  airway  of  smokers  [26,50],  and 
because  these  changes  precede  the  development 
of  lung  cancer,  the  field  cancerization  phenomenon 
can  be  explained  both  by  a  direct  effect  of  smoking 
carcinogens  on  the  epithelial  cell  and  by  the  initiation 
of  inflammatory  response  in  the  epithelial  mucosa 
that  may  perpetuate  the  epithelial  genetic  damage. 
However,  as  discussed  below,  some  evidence 
suggests  that  there  are  two  distinct  lung  airways 
compartments  (central  and  peripheral)  for  lung 
cancer  pathogenesis  (Fig.  3).  This  concept  is 
supported  by  the  findings  of  low  frequency  of 
molecular  abnormalities  detected  in  the  centrally 
located  bronchial  respiratory  epithelium  in  patients 
with  peripheral  lung  adenocarcinomas,  compared 
with  specimens  from  patients  with  squamous  cell 
carcinomas  and  SCLC  [46]  indicating  the  presence 
of  two  compartments  in  the  lung  with  different 

degrees  of  smoking-related  genetic  damage. 
Recently,  the  EGFR  mutation  detected  in  the  normal 
airway  of  non-smokers  has  shown  to  be  a  “localized” 
field  effect  phenomenon  affecting  the  peripheral 
airway  (see  below)  [20], 
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mutagenized,  presumably  from  exposure  to  tobacco-related  carcinogenesis.  However,  localized  field  effect  has  been  also 
detected  for  EGFR  mutations  in  never  smokers.  While  some  molecular  changes  (i.e.,  inflammation  and  some  signaling 
pathways  activation)  have  been  detected  throughout  the  lung  airway  and  including  both  compartments  (central  and 
peripheral  airway),  others  have  been  more  frequently  altered  in  either  central  (i.e.,  loss  of  heterozygosity,  LOH,  and  genetic 
instability)  or  peripheral  (i.e.,  EGFR  mutations)  airway. 


MOLECULAR  ABNORMALITIES  IN  THE 
PATHOGENESIS  OF  LUNG  CANCER 

Multiple  genetic  changes  have  been  found  in 
clinically  evident  lung  cancers  in  several  studies,  and 
these  changes  have  involved  known  and  putative 
tumor-suppressor  genes  as  well  as  several  dominant 
oncogenes  [1],  Lung  cancers  arise  after  a  series  of 
molecular  changes  that  commence  in  histologically 
normal  epithelium  and  demonstrate  a  specific 
sequence  [6,44],  There  is  a  preferred  order  of  these 
allele  loss  changes,  with  3p  allele  loss  (several  3p 
sites)  followed  by  9p  (  p16INK4a  locus)  as  the  earliest 
changes  occurring  in  histologically  normal  epithelium 
[44,45,51],  Telomerase  activation  has  been  also 
implicated  as  an  early  event  in  lung  cancer 
pathogenesis  [52,53],  Telomerase  shortening  is  an 
early  genetic  abnormality  in  bronchial 
carcinogenesis,  preceding  telomerase  expression 
and  p53/Rb  inactivation,  and  predominates  in  high  - 
grade  squamous  preinvasive  lesions  [54],  Precise 
microscopic-based  microdissection  of  epithelial  tissue 
followed  by  allelotyping  of  smoking-damaged  lung 
from  lung  cancer  patients  or  from  current  or  former 
smokers  without  lung  cancer  has  found  multiple 


lesions  containing  clonal  abnormalities  of  allele  loss, 
occurring  in  both  histologically  normal  as  well  as 
mildly  abnormal  (hyperplasia  and  squamous 
metaplasia)  and  preneoplastic  (dysplasia)  respiratory 
epithelium  [49],  Although  those  changes  are  found 
in  the  lungs  of  current  and  former  smokers  without 
lung  cancer,  they  are  almost  never  found  in  life-time 
never-smokers  [47,48],  Interestingly,  those  clonal 
changes  persist  for  decades  after  smoking  cessation 
[47], 

Similar  evidence  exists  for  multiple  promoter 
methylation  changes  in  smoking-damaged  lung 
epithelium  and  sputum  specimens  [55,56],  Recent 
results  for  methylation  analyses  of  several  genes, 
including  RARfi-2,  H-cadherin,  APC,  p16INK4a,  and 
RASFF1A ,  indicate  that  abnormal  gene  methylation 
is  relatively  frequent  (one  or  more  genes  in  48%)  in 
oropharyngeal  and  bronchial  epithelial  cells  in  heavy 
smokers  with  evidence  of  sputum  atypia  [56], 
Methylation  in  one  or  more  of  three  genes  tested 
0 p16INK4a ,  GSTP1,  and  DAPK)  has  been 

demonstrated  in  bronchial  brush  specimens  in  about 
one  third  of  smokers  [57].  Results  from  another  study 
indicated  that  aberrant  promoter  hypermethylation  of 
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the  p16INK4a  gene  occurs  frequently  in  the  bronchial 
epithelium  of  lung  cancer  patients  and  smokers 
without  cancer  and  persists  after  smoking  cessation 
[58,59].  Aberrant  promoter  methylation  of  p16INK4a 
was  seen  in  at  least  one  bronchial  epithelial  site  from 
44%  of  lung  cancer  patients  and  cancer-free 
smokers.  A  recent  nested  case-control  study  [60]  of 
incident  lung  cancer  cases  from  an  extremely  high  - 
risk  cohort  for  evaluating  promoter  methylation  of  14 
genes  in  sputum  showed  that  the  prevalence  for 
methylation  of  gene  promoters  increased  as  the  time 
to  lung  cancer  diagnosis  decreased.  Six  (p16INK4a, 
MGMT,  DARK ,  RASSF1A ,  PAX5{ 3,  and  GATA5)  of 
14  genes  were  associated  with  a  >50%  increased 
risk  of  lung  cancer.  In  addition,  in  the  same  study, 
the  concomitant  methylation  of  three  or  more  of 
these  six  genes  was  associated  with  a  6.5-fold 
increased  risk  and  a  sensitivity  and  specificity  of 
64%. 

Considerable  attention  has  been  given  to  the 
identification  of  the  3p  genes  involved  in  lung  cancer 
pathogenesis,  including  RAFIfi  at  3p24,  FHIT  at 
3p14.2,  RASSF1A,  BLU ,  FUS1,  and  SEMA3B 
located  at3p21.3,  and  potentially  ROBOI  at  3p12 
[45,55,61].  Their  expression  is  frequently  lost  in  lung 
cancer,  usually  by  promoter  methylation  [62], 
However,  specific  roles  of  the  genes  undergoing 
activation  or  inactivation  and  the  order  of  cumulative 
molecular  changes  that  lead  to  the  development  of 
each  lung  tumor  histologic  type  remain  to  be 
elucidated. 

Profiling  studies  using  high-throughput 
technologies  for  the  identification  of  molecular 
signatures  associated  with  the  development  and 
progression  of  lung  cancer  precursor  lesions  are 
extremely  difficult  to  perform,  because  usually  such 
lesions  are  small  and  need  histological  confirmation 
by  tissue  fixation  and  histopathologic  processing. 
Although  some  profiling  studies  have  been 
performed  using  in  vitro  cultured  human  normal 
bronchial  epithelial  cells  [63,64],  recently  a  specific 
pattern  of  protein  expression  using  proteomic 
methodology  of  the  airway  epithelium  that  accurately 
classified  bronchial  and  alveolar  tissue  with  normal 
histology  from  preinvasive  bronchial  lesions  and  from 
invasive  lung  cancer  was  reported  [63],  Although 
these  findings  need  to  be  further  validated,  this 
represents  a  first  step  toward  a  new  proteomic 
characterization  of  the  human  model  of  lung  cancer 
development. 

PRENEOPLASTIC  LESIONS  AT  THE 
CENTRAL  LUNG  AIRWAY 

Squamous  Metaplasia  and  Dysplasia 

Mucosal  changes  in  the  large  airways  that  may 
precede  or  accompany  invasive  squamous  cell 

carcinoma  include  hyperplasia,  squamous 
metaplasia,  squamous  dysplasia,  and  carcinoma  in 
situ  [4,5,65],  Dysplastic  squamous  lesions  are 
considered  true  preneoplastic  lesions  and  may  be  of 
various  degrees  (i.e.,  mild,  moderate,  and  severe); 


however,  these  lesions  represent  a  continuum  of 
cytologic  and  histologic  atypical  changes  that  may 
show  some  overlapping  features  between 

categories.  These  lesions  are  often  not  detected  by 
conventional  white  light  bronchoscopy  or  gross 
examination.  However,  the  use  of  fluorescent 
bronchoscopy  greatly  increases  the  sensitivity  for 
detection  of  squamous  dysplastic  and  carcinoma  in 
situ  lesions  [66-68],  Little  is  known  about  the  rate 
and  risks  of  progression  of  squamous  dysplasia  to 
carcinoma  in  situ  and  ultimately  to  invasive 
squamous  cell  carcinoma. 

There  are  no  squamous  cells  in  the  normal 
airways.  The  progenitor  or  stem  cells  for  the 
squamous  metaplastic  epithelium  for  the  proximal 
airway  are  not  known,  but  it  is  presumed  that  the 
basal  cells  represent  a  relatively  quiescent  zone  that 
is  the  precursor  of  preneoplastic  epithelium.  In  fact, 
squamous  metaplasia  is  usually  preceded  and 
accompanied  by  basal  cell  hyperplasia.  It  is  of 
interest  that  these  cells  express  significant  levels  of 
Egfr  protein  and  increased  proliferative  activity  as 
measured  by  Ki-67  staining  [69,70], 

The  current  working  model  of  the  sequential 
molecular  abnormalities  in  the  pathogenesis  of 
squamous  cell  lung  carcinoma  indicates  the 
following:  (a)  Genetic  abnormalities  commence  in 
histologically  normal  epithelium  and  increase  with 
increasing  severity  of  histologic  changes  [44],  (b) 
Mutations  follow  a  sequence,  with  progressive  allelic 
losses  at  multiple  3p  (3p21,  3p14,  3p22-24,  and 

3p12)  chromosome  sites  and  9p21  (p16INK4a)  as  the 
earliest  detected  changes.  Later  changes  include 
8p21-23,  13q14  (RB),  and  17p13  (TP53)  [44,45,51], 
p-/QiNK4a  methylation  has  been  also  detected  at  an 
early  stage  of  squamous  preinvasive  lesions  with  a 
frequency  that  increases  during  histopathologic 
progression  (24%  in  squamous  metaplasia  and  50% 
in  carcinoma  in  situ)  [58].  (c)  Molecular  changes  in 
the  respiratory  epithelium  are  extensive  and 
multifocal  throughout  the  bronchial  tree  of  smokers 
and  lung  cancer  patients,  indicating  a  field  effect  or 
field  cancerization  [44,45,47,48],  (d)  Multiple  clonal 
and  subclonal  patches  of  molecular  abnormalities 
not  much  larger  in  size  than  the  average  bronchial 
biopsy  obtained  by  fluorescent  bronchoscopy 
(estimated  to  be  approximately  40,000  to  360,000 
cells)  can  be  detected  in  the  normal  and  slightly 
abnormal  bronchial  epithelium  of  patients  with  lung 
cancer  [49],  Despite  encouraging  results  from 

isolated  studies  [60],  most  of  these  findings  have  not 
been  useful  for  the  development  of  successful 
strategies  for  lung  cancer  risk  assessment,  early 
detection,  or  chemoprevention. 

Angiogenic  Squamous  Dysplasia 

Interestingly,  in  a  subset  of  squamous  metaplastic 
and  dysplastic  changes,  the  basal  membrane 

becomes  thickened  and  there  is  vascular  budding  in 
the  subepithelial  tissues  that  results  in  papillary 
protrusions  of  the  epithelium,  lesions  that  Keith  et  al. 
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termed  angiogenic  squamous  dysplasia  (ASD)  [71]. 
ASD  lesions  are  more  frequently  detected  by  using 
fluorescent  bronchoscopy  than  by  using  white-light 
conventional  bronchoscopy  [69].  In  the  bronchial 
biopsies  of  these  lesions,  microvessel  density  is 
elevated  compared  with  normal  mucosa  but  not 
compared  with  other  forms  of  hyperplasia  or 

dysplasia.  ASD  thus  represents  a  qualitatively 
distinct  form  of  angiogenesis  in  which  there  is 
architectural  rearrangement  of  the  capillary 

microvasculature.  Genetic  analysis  of  surface 
epithelium  in  a  subset  of  lesions  found  a  LOH  at 
chromosome  3p  in  53%  of  lesions,  and  compared 
with  normal  epithelium,  proliferative  activity  was 
markedly  elevated  in  ASD  lesions.  ASD  was  found  in 
approximately  19%  of  high-risk  smokers  without 
carcinoma  who  underwent  fluorescence 
bronchoscopy  [68]  and  was  not  present  in  biopsy 
specimens  from  16  normal  nonsmoker  control 
subjects  [71].  The  presence  of  this  lesion  in  high-risk 
smokers  suggests  that  aberrant  patterns  of 

microvascularization  may  occur  at  an  early  stage  of 
bronchial  carcinogenesis.  The  finding  of  vascular 
endothelial  growth  factor  (VEGF)  isoforms  and  VEGF 
receptors  (VEGFR)  by  semiquantitative  reverse 
transcriptase-PCR,  confirmed  by  immunohisto- 
chemistry  in  bronchial  squamous  dysplastic  epithelia 
compared  with  normal  bronchial  epithelia  [72], 
supports  the  notion  that  angiogenesis  develops 
early  in  lung  carcinogenesis  and  that  these 
abnormalities  provide  a  rationale  for  the  develo¬ 
pment  of  targeted  antiangiogenic  chemopre-vention 
strategies. 

PRENEOPLASTIC  LESIONS  AT  THE 
PERIPHERAL  LUNG  AIRWAY 

Despite  the  evidence  that  atypical  adenomatous 
hyperplasia  (AAH)  is  a  precursor  lesion  for  peripheral 
lung  adenocarcinomas  [5,73],  there  is  consensus 
that  the  pathogenesis  of  many  adenocarcinomas  is 
still  unknown.  AAH  is  a  discrete  parenchymal  lesion 
arising  in  the  alveoli  close  to  terminal  and  respiratory 
bronchioles,  and  AAH  may  be  single  or  multiple. 
These  lesions  maintain  an  alveolar  structure  lined  by 
rounded,  cuboidal,  or  low  columnar  cells.  The 

postulated  progression  of  AAH  to  adenocarcinoma 
especially  the  bronchioloalveolar  (BAC)  subtype,  is 
supported  by  morphometric,  cytofluorometric,  and 
molecular  studies  [65,73],  AAH  is  most  frequently 
detected  in  lung  from  patients  bearing  lung  cancers 
(9-20%),  especially  adenocarcinomas  (up  to  40%) 
compared  with  squamous  cell  carcinomas  (11%) 
[65,74-77],  In  contrast,  autopsy  studies  have 
reported  AAH  in  approximately  3%  of  persons 
without  cancer  [78],  It  is  extremely  difficult  to  know 
the  progression  rate  of  AAH  to  lung 
adenocarcinoma,  and  it  is  also  currently  almost 
impossible  to  determine  whether  AH H  may  regress. 
Because  they  are  air-filled  structures,  they  may 
appear  as  ground  glass  opacities  on  CT  scans. 
However,  the  location,  size,  and  relative  invisibility  of 
AHH  by  most  imaging  methods  make  longitudinal 


studies  of  AAH  even  more  difficult  than  studies  of 
centrally  located  squamous  preneoplastic  lesions. 
Another  type  of  lung  peripheral  lesion,  termed 
bronchiolization  of  the  alveoli  [79,80],  which  is 
characterized  by  replacement  of  the  alveolar 

epithelium  by  columnar  bronchiolar-type  epithelium 
with  and  without  cytological  atypia  and  which  may 
exhibit  molecular  abnormalities  such  as  chromosomal 
abnormalities  by  comparative  genome  hybridization 
(CGH)  [79],  has  been  also  associated  with  the 
pathogenesis  of  lung  adenocarcinoma. 

Several  molecular  changes  frequently  present  in 
lung  adenocarcinomas  are  also  present  in  AAH 
lesions,  and  they  are  further  evidence  that  AAH  may 
represent  true  preneoplastic  lesions  [73,81].  The 
most  important  finding  is  the  presence  of  KRAS 
(codon  12)  mutations,  which  are  also  relatively 
frequent  alterations  in  lung  adenocarcinomas,  in  up 
to  39%  of  AAH  [73],  Other  molecular  alterations 
detected  in  AAH  are  overexpression  of  cyclin  D1 
(-70%),  p53  (ranging  from  10%  to  58%),  survivin 
(48%),  and  Her-2/neu  (7%)  proteins  [73,82,83]. 
Some  AAH  lesions  have  demonstrated  LOH  in 
chromosomes  3p  (1 8%),  9p  (  p16INK4a,  13%),  9q 
(53%),  17q,and17p(  TP53,  6%),  changes  that  are 
frequently  detected  in  lung  adenocarcinomas 

[84,85].  A  study  of  lung  adenocarcinoma  with 
synchronous  multiple  AAH  showed  frequent  LOH  of 
tuberous  sclerosis  complex  (TSC)-associated  regions 
(TSC1  at  9q,  53%,  and  TSC2  at  16p,  6%), 

suggesting  that  these  are  candidate  loci  for  a  tumor  - 
suppressor  gene  in  a  subset  of  adenocarcinomas  of 
the  lung  [85].  Activation  of  telomerase,  expressed  by 
expression  of  human  telomerase  RNA  component 
(hTERC)  and  telomerase  reverse  transcriptase 
(hTERT)  mRNA,  has  been  detected  in  27%  to  78% 
of  AAH  lesions,  depending  on  their  atypia  level  [86], 
Recently,  it  has  been  shown  that  loss  of  LKB1 ,  a 
serine/threonine  kinase  that  functions  as  a  tumor  - 
suppressor  gene,  is  frequent  in  lung 
adenocarcinomas  (25%)  and  in  AAH  with  severe 
cytological  atypia  (21%),  while  it  is  rare  in  mild 
atypical  AAH  lesions  (5%),  suggesting  that  LKB1 
inactivation  may  play  a  role  in  the  AAH  progression 
to  malignancy  [87], 

Several  mouse  models  have  been  developed  to 
better  study  various  oncogenic  molecular  signaling 
pathways  and  the  sequence  of  molecular  events 
involved  in  the  pathogenesis  of  peripheral  lung 
tumors  and  to  test  novel  chemopreventive  agents 
[88].  The  K-RAS  oncogenic  mouse  model  is 
characterized  by  the  development  of  the  peripheral 
alveolar  type  of  proliferations,  including  AAH, 
adenoma,  and  adenocarcinoma  [88],  Using  this 
mouse  model,  several  important  findings  that  need 
to  be  further  validated  in  human  tissues  have  been 
reported.  Kim  et  al.  [89]  identified  the  potential  stem 
cell  population  (expressing  Clara  cells-specific  protein 
and  surfactant  protein-C,  termed  bronchioalveolar 
stem  cell,  BASC)  that  maintains  the  bronchiolar  Clara 
cells  and  alveolar  cells  of  the  distal  respiratory 
epithelium  and  which  could  be  considered  the 
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precursors  of  lung  K-RAS  neoplastic  lesions  in  mice. 
Wislez  et  al.  [90]  provided  evidence  that  the 
expansion  of  lung  adenocarcinoma  precursors 
induced  by  oncogenic  K-RAS  requires  mammalian 
target  of  rapamycin  (mTOR)-dependent  signaling 
and,  most  importantly,  that  inflammation-related  host 
factors,  including  factors  derived  from  macrophages, 
play  a  critical  role  in  adenocarcinoma  progression  in 
mice.  Recent  findings  reported  by  Collado  et  al.  [91] 
suggest  that  K-RAS  oncogene-induced  senescence 
may  help  restrict  tumor  progression  of  lung  peripheral 
lesions  in  mice.  They  discovered  that  a  substantial 
number  of  cells  in  mouse  premalignant  alveolar-type 
lesions  undergo  oncogene-induced  senescence,  but 
the  cells  that  escape  senescence  by  loss  of 

oncogene-induced  senescence  effectors,  such  as 
p16'NK4a  or  p53  progress  to  malignancy.  Thus, 
senescence  is  a  defining  feature  of  premalignant 
lung  lesions  but  not  invasive  tumors. 

NONSMOKING-RELATED  PATHWAYS 

Although  most  lung  cancers  are  smoking-related 
tumors,  a  subset  of  NSCLCs  arises  in  never-smokers. 
Adenocarcinoma  histology  is  the  tumor  type  most 
frequently  detected  in  never-smokers.  Recently, 
somatic  mutations  of  EGFR  and  HER-2/NEU, 
tyrosine  kinase  (TK)  members  of  the  ErbB  family, 
have  been  reported  in  a  subset  of  lung 

adenocarcinoma  patients  having  never-smoker  or 
light-smoker  status,  female  sex,  and  East  Asian 
ethnicity  [92-99].  The  EGFR  mutations  are  clinically 
relevant  because  most  of  them  have  been 

associated  with  sensitivity  of  lung  adenocarcinoma  to 
small-molecule  TK  inhibitors  (gefitinib  and  erlotinib) 
[92-94,100].  More  than  80%  of  the  mutations 

detected  in  EGFR  are  in-frame  deletions  in  exon  19 
and  a  single  missense  mutation  in  exon  21  (L858R) 
[92-98],  It  has  been  proposed  that  lung  cancer  cells 
with  mutant  EGFR  might  become  physiologically 
dependent  on  the  continued  activity  of  the  gene  for 
the  maintenance  of  their  malignant  phenotype, 
leading  to  accelerated  development  of  lung 
adenocarcinoma  [19].  Recent  studies  have 
demonstrated  that  tumor  cell  high  EGFR  copy 
number,  identified  by  the  fluorescent  in  situ 
hybridization  (FISH)  technique,  may  also  be  a 
predictor  for  response  to  EGFR  TK  inhibitors  [101- 
103]  and  be  involved  in  the  pathogenesis  of  lung 
adenocarcinoma. 

To  better  understand  the  pathogenesis  of  EGFR 
mutant  lung  adenocarcinomas,  we  investigated  the 
presence  of  EGFR  mutations  in  the  normal  bronchial 
and  bronchiolar  epithelium  adjacent  to  mutant 
tumors.  We  detected  EGFR  mutations  in  normal  - 
appearing  peripheral  respiratory  epithelium  in  nine 
(44%)  of  21  adenocarcinoma  patients,  but  not  in 
patients  without  mutations  in  the  tumors  [20],  Our 
finding  of  more  frequent  EGFR  mutations  in  normal 
epithelium  within  the  tumor  (43%)  than  in  adjacent 
sites  (24%)  suggests  a  localized  field  effect 
phenomenon,  probably  affecting  preferentially  the 


peripheral  lung  airway  compartment,  for  this 
abnormality  in  the  respiratory  epithelium  of  the  lung. 
Although  the  cell  type  having  those  mutations  is 
unknown,  we  have  hypothesized  that  stem  or 
progenitor  cells  of  the  bronchial  and  bronchiolar 
epithelium  are  the  cell  type  bearing  such  mutations. 
The  finding  of  relatively  infrequent  EGFR  mutations 
in  AAH  lesions  (three  out  of  40  examined)  [104,105] 
and  the  finding  of  no  mutation  [98]  or  a  relatively  low 
frequency  of  mutation  in  true  BACs  of  the  lung 
support  the  concept  that  genetic  abnormalities  of 
EGFR  are  not  relevant  in  the  pathogenesis  of 
alveolar-type  lung  neoplasia.  Our  recent  unpublished 
data  suggest  that  EGFR  mutation  precedes 
increased  copy  number  of  the  gene  in  the 

pathogenesis  of  lung  adenocarcinoma.  Thus,  two 
different  molecular  pathways  have  been  identified  in 
the  pathogenesis  of  lung  adenocarcinoma,  a 
smoking-associated  activation  of  KRAS  signaling 

and  a  nonsmoking-associated  activation  of  EGFR 

signaling,  the  latter  detected  in  histologically  normal 
bronchial  and  bronchiolar  epithelium. 

SIGNALING  PATHWAYACTIVATIONINLUNG 
CANCER  PRENEOPLASTIC  LESIONS 

The  recent  developments  in  molecular  biology 
have  increased  our  knowledge  of  critical  biological 
pathways  that  are  deregulated  in  lung  cancer  cells, 
and  they  have  provided  a  rationale  for  the 

development  of  targeted  therapy  in  human  tumors, 
including  lung  cancer  [106].  Activation  of  tyrosine 
kinases,  particularly  receptor  tyrosine  kinases,  is 
increasingly  recognized  as  a  common  cause  for 
deregulation  of  these  pathways,  and  inhibiting 
tyrosine  kinases  has  proven  to  be  an  effective 
strategy  for  a  number  of  malignancies,  including  lung 
cancer  [107],  Thus,  the  possible  activation  of 
signaling  pathways  early  in  the  pathogenesis  of  lung 
cancer  has  created  an  opportunity  for  the  design  of 
targeted  chemoprevention  strategies  [108,109],  Of 
interest,  most  important  signaling  pathways  that  are 
being  targeted  in  lung  cancer  have  been  shown  to 
be  also  deregulated  in  lung  cancer  preneoplastic 
lesions,  mostly  in  the  squamous  cell  carcinoma 
pathway,  including  (among  others)  the  inflammation  - 
related  polyunsaturated  fatty  acid  metabolic 
pathways  [110],  retinoic  acid  signaling  [109],  and 
pathways  involving  Ras  [73,90,111,112],  EGFR 
[20,113],  phosphoinositide  3-kinase  (PI3K)/Akt  [114  - 
116],  insulin-like  growth  (IGF)  factor  axis  [117], 
V EGF/VEGFR  [72],  and  mTOR  [90], 

PERSPECTIVE 

During  the  last  decade,  encouraged  by  the 
development  of  methodologies  such  as  laser 
microdissection  for  the  isolation  of  cells  from  small 
histologic  lesions,  combined  with  techniques  to 
perform  genomic  studies  from  minute  amounts  of 
DNA,  RNA,  and  protein,  several  groups  have  made 
substantial  progress  in  discovering  the  molecular  and 
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genetic  abnormalities  of  lung  cancer  precursor 
lesions,  including  those  evolving  to  centrally  located 
squamous  cell  carcinoma  and  peripheral 
adenocarcinoma.  However,  it  seems  that  the 
enthusiasm  has  somehow  substantially  decreased, 
for  in  the  last  few  years  little  progress  has  been 

made.  The  recent  development  of  a  panel  of  human 
normal  bronchial  epithelial  cells  immortalized  with 

telomerase  and  CdK4-mediated  p16INK4a  bypass, 

which  can  be  modified  with  a  combination  of 
oncogene  activation  and  tumor-suppressor  gene 
knockdowns  for  in  vitro  discovery  work  [118],  coupled 
with  the  development  of  more  relevant  lung  cancer 
animal  models  [119]  and  new  high-throughput 
genomic  [120]  and  proteomic  [63,121]  profiling 
techniques  that  can  be  applied  to  small  amounts  of 
microdissected  tissues,  may  stimulate  the  scientific 
community  to  perform  innovative  investigations  in  the 
fields  of  molecular  and  pathologic  research  to 
understand  the  molecular  malignant  potential  of 
respiratory  epithelium  even  before  histologic 
changes  occur.  Currently,  two  major  National  Cancer 
Institute  programs,  Specialized  Programs  of 

Research  Excellence  and  the  Early  Detection 
Research  Network,  are  concentrating  on  a  search  for 
new  biomarkers  in  lung  cancer.  All  these  efforts  may 
help  us  to  better  characterize  the  malignant  potential 
of  lung  cancer  preneoplastic  lesions  and  to 
understand  the  field  cancerization  compartmental 
(central  versus  periphery)  phenomenon  in  lung 

cancer  pathogenesis. 
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ABBREVIATIONS 


SCLC  =  small  cell  lung  carcinoma 

NSCLC  =  non-small  cell  lung  carcinoma 

CT  =  computed  tomography 

COPD  =  chronic  obstructive  pulmonary  disease 

EGFR  =  epidermal  growth  factor  receptor 

COX-2  =  cyclooxigenase-2 

NF-kB  =  nuclear  factor  kappa  B 


LOH  =  loss  of  heterozygosity 

ASD  =  angiogenic  squamous  dysplasia 

AAH  =  atypical  adenomatous  hyperplasia 
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Abstract 

From  histological  and  biological  perspectives,  lung  cancer  is  a  com¬ 
plex  neoplasm.  Although  the  sequential  preneoplastic  changes  have 
been  defined  for  centrally  arising  squamous  carcinomas  of  the  lung, 
they  have  been  poorly  documented  for  the  other  major  forms  of  lung 
cancers,  including  small  cell  lung  carcinoma  and  adenocarcinomas. 
There  are  three  main  morphologic  forms  of  preneoplastic  lesions 
recognized  in  the  lung:  squamous  dysplasias,  atypical  adenomatous 
hyperplasia,  and  diffuse  idiopathic  pulmonary  neuroendocrine  cell 
hyperplasia.  However,  these  lesions  account  for  the  development  of 
only  a  subset  of  lung  cancers.  Several  studies  have  provided  informa¬ 
tion  regarding  the  molecular  characterization  of  lung  preneoplastic 
changes,  especially  for  squamous  cell  carcinoma.  These  molecular 
changes  have  been  detected  in  the  histologically  normal  and  ab¬ 
normal  respiratory  epithelium  of  smokers.  Two  different  molecular 
pathways  have  been  detected  in  lung  adenocarcinoma  pathogenesis: 
smoking-associated  activation  of  RAS  signaling,  and  nonsmoking- 
associated  activation  of  EGFR  signaling;  the  latter  is  detected  in 
histologically  normal  respiratory  epithelium. 


55/ 


Annu.  Rev.  Pathol.  Mech.  Dis.  2006.1:331-348.  Downloaded  from  www.annualreviews.org 
by  University  of  Texas  -  M.D.  Anderson  Cancer  Center  on  07/29/11.  For  personal  use  only. 


INTRODUCTION 


SCLC:  small  cell 
lung  carcinoma 

NSCLC:  non-small 
cell  lung  carcinoma 

CIS:  carcinoma  in 
situ 

AAH:  atypical 

adenomatous 

hyperplasia 


Lung  cancer  is  the  leading  cause  of  cancer 
deaths  in  the  United  States  and  worldwide 

(1) .  The  high  mortality  rate  of  this  disease  is 
due  primarily  to  the  fact  that  the  majority  of 
lung  cancers  are  diagnosed  at  advanced  stages 
when  the  options  for  treatment  are  mostly  pal¬ 
liative.  Experience  with  other  epithelial  tu¬ 
mors,  such  as  uterine,  cervical,  esophageal, 
and  colon  carcinomas,  has  shown  that  if  neo¬ 
plastic  lesions  can  be  detected  and  treated  at 
their  intraepithelial  stage  the  chances  for  sur¬ 
vival  can  be  improved  significantly.  Thus,  to 
reduce  the  mortality  rate  of  lung  cancer,  new 
techniques  and  approaches  must  be  developed 
to  diagnose  and  treat  pre-invasive  lesions. 
However,  the  early  diagnosis  of  lung  can¬ 
cer  represents  an  enormous  challenge.  From 
histopathological  and  biological  perspectives, 
lung  cancer  is  a  highly  complex  neoplasm 

(2) ,  probably  having  multiple  preneoplastic 
pathways. 

Lung  cancer  consists  of  several  histo¬ 
logical  types,  including  small  cell  lung  car¬ 
cinoma  (SCLC)  and  non-small  cell  lung 
carcinoma  (NSCLC)  types  of  squamous  cell 
carcinoma,  adenocarcinoma  (including  the 
noninvasive  type  of  bronchioloalveolar  car¬ 
cinoma),  and  large  cell  carcinoma  (3).  Lung 
cancers  may  arise  from  the  major  bronchi 
(central  tumors)  or  small  bronchi,  bronchi¬ 
oles,  or  alveoli  (peripheral  tumors)  of  the 
distant  airway  of  the  lung.  Squamous  cell  car¬ 
cinomas  and  SCLCs  usually  arise  centrally, 
whereas  adenocarcinomas  and  large  cell  car¬ 
cinomas  usually  arise  peripherally.  However, 
the  specific  respiratory  epithelial  cell  type 
from  which  each  lung  cancer  type  develops 
has  not  been  established.  As  with  other  ep¬ 
ithelial  malignancies,  researchers  believe  lung 
cancers  arise  after  a  series  of  progressive 
pathological  changes,  known  as  preneoplas¬ 
tic  or  premalignant  lesions  (4).  Although  the 
sequential  preneoplastic  changes  have  been 
defined  for  centrally  arising  squamous  carci¬ 
nomas  of  the  lung,  they  have  been  poorly  doc¬ 


umented  for  the  other  major  forms  of  lung 
cancers  (4). 

Although  many  molecular  abnormalities 
have  been  described  in  clinically  evident  lung 
cancers  (2),  relatively  little  is  known  about 
the  molecular  events  preceding  the  develop¬ 
ment  of  lung  carcinomas  and  the  underly¬ 
ing  genetic  basis  of  lung  carcinogenesis.  In 
the  past  decade,  several  studies  have  provided 
information  regarding  the  molecular  charac¬ 
terization  of  the  preneoplastic  changes  in¬ 
volved  in  the  pathogenesis  of  lung  cancer, 
especially  squamous  cell  carcinoma  and  ade¬ 
nocarcinoma  (5,  6).  Many  of  these  molecular 
changes  have  been  detected  in  the  histolog¬ 
ically  normal  respiratory  mucosa  of  smokers 

(5). 

The  high-risk  population  targeted  for 
early  detection  efforts  are  heavy  smokers  and 
patients  who  have  survived  a  cancer  of  the 
upper  aerodigestive  tract.  However,  conven¬ 
tional  morphologic  methods  for  the  iden¬ 
tification  of  premalignant  cell  populations 
in  the  lung  airways  have  important  limita¬ 
tions.  This  has  led  to  research  in  biological 
properties,  including  molecular  and  genetic 
changes,  of  the  respiratory  epithelium  and 
its  corresponding  preneoplastic  cells  and  le¬ 
sions.  Further  research  in  this  area  may  pro¬ 
vide  new  methods  for  assessing  the  likehood 
of  developing  invasive  lung  cancer  in  smok¬ 
ers  and  allow  for  early  detection  and  moni¬ 
toring  of  their  response  to  chemopreventive 
regimens. 

In  this  review  we  will  describe  the  recog¬ 
nized  preneoplastic  lesions  for  major  types 
of  lung  cancers,  such  as  bronchial  squa¬ 
mous  dysplasia  and  carcinoma  in  situ  (CIS) 
for  squamous  cell  carcinoma  (7);  atypical 
adenomatous  hyperplasia  (AAH),  a  putative 
preneoplastic  lesion,  for  a  subset  of  adeno¬ 
carcinomas  (6);  and  neuroendocrine  cell  hy¬ 
perplasia  for  neuroendocrine  lung  carcinomas 
(7).  In  addition,  we  will  review  the  current 
concepts  of  early  pathogenesis  and  the  pro¬ 
gression  of  lung  cancer. 


552 


Wistuba  •  Gazdar 


Annu.  Rev.  Pathol.  Mech.  Dis.  2006.1:331-348.  Downloaded  from  www.annualreviews.org 
by  University  of  Texas  -  M.D.  Anderson  Cancer  Center  on  07/29/11.  For  personal  use  only. 


OVERVIEW  OF  LUNG  CANCER 
MOLECULAR  PATHOLOGY 

Several  molecular  and  genetic  studies  have 
revealed  that  multiple  genetic  and  epigentic 
changes  are  found  in  clinically  evident  lung 
cancers,  involving  known  and  putative  re¬ 
cessive  oncogenes  (tumor  suppressor  genes, 
TSGs)  as  well  as  several  dominant  oncogenes 
(8).  Most  of  the  molecular  and  genetic  studies 
of  lung  cancers  have  been  performed  on  the 
major  types  of  lung  cancer  (2).  Many  growth 
factors  or  regulatory  peptides  and  their  re¬ 
ceptors  are  overexpressed  by  cancer  cells  and 
adjacent  normal-appearing  cells  in  the  lung, 
and  thus  provide  a  series  of  autocrine  and 
paracrine  growth  stimulatory  loops  in  this 
neoplasm  (9).  The  list  of  recessive  oncogenes 
involved  in  lung  cancer  is  likely  to  include  as 
many  as  10  to  15  known  and  putative  genes 
(2),  and  possibly  many  more.  Oncogenes 
that  contribute  to  the  pathogenesis  of  lung 
cancer  include  CMYC ,  mutated  KRAS  (10% 
to  20%,  predominantly  adenocarcinomas), 
overexpression  of  Cyclin  D1  and  BCL2 ,  and 
mutations  in  ERBB  family  genes  such  as  EGFR 
(epidermal  growth  factor  receptor)  (10-12) 
and  HER2/neu  (12,  13).  The  latter  two 
oncogenes  occur  almost  exclusively  in  ade¬ 
nocarcinomas,  patients  of  East  Asian  ethnic 
groups,  and  non-  or  light  smokers  (12). 
Several  TSGs,  such  as  TP53  (17pl3),  RB 
(13ql4),  pl6INK4a  (9p21),  and  new  candidate 
TSGs  at  several  chromosomal  regions, 
including  the  short  arm  of  chromosomes  3 
(3pl2,  DUTT1  gene;  3pl4.2,  FHIT  gene; 
3p2 1 ,  RASFF1A  and  FUS-1  gene;  3p22-24, 
BAP-1  gene),  show  frequent  abnormalities 
in  lung  cancer  (2).  Recessive  oncogenes  are 
believed  to  be  inactivated  via  a  two-step 
process  involving  both  alleles.  Knudson  has 
proposed  that  the  first  hit  is  frequently  a 
point  mutation,  whereas  the  second  allele  is 
subsequently  inactivated  via  a  chromosomal 
deletion,  translocation,  or  other  event  such  as 
methylation  of  gene  promoter  regions  (14). 
In  addition  to  those  specific  genetic  changes, 
other  evidence  indicates  that  genetic  insta¬ 


bility  is  concurrent  with  lung  cancer.  This 
evidence  includes  changes  in  the  number 
of  short-tandem  DNA  repeats  (also  known 
as  microsatellites),  which  are  frequently 
present  in  a  wide  variety  of  cancer  types, 
including  lung.  Overall,  an  average  of  35% 
(range  0%-76%)  of  SCLCs  and  22%  (range 
2%-49%)  of  NSCLCs  show  some  evidence 
of  genetic  instability  at  individual  loci  (8). 

Studies  of  many  lung  cancers  have  demon¬ 
strated  different  patterns  of  molecular  alter¬ 
ations  between  the  two  major  groups  of  lung 
carcinomas  (SCLC  and  NSCLC)  (15,  16) 
and  among  the  two  major  histologic  types 
of  NSCLC  (squamous  cell  carcinomas  and 
adenocarcinomas)  (17-20).  Allelic  loss  analy¬ 
ses  at  different  chromosomal  regions  and  the 
methylation  status  of  multiple  genes  have  pro¬ 
vided  clear  evidence,  on  a  genome-wide  scale, 
that  SCLC  and  NSCLC  differ  significantly 
in  the  TSGs  that  are  inactivated  during  their 
pathogenesis  (21-24).  In  addition,  a  variety 
of  studies  on  gene  expression  profiles  have 
sought  to  identify  specific  profiles  and  new 
molecular  markers  for  histologically  different 
lung  cancers,  including  adenocarcinomas  (25, 
26).  Specifically,  we  have  found  different  pat¬ 
terns  of  allelic  loss  involving  the  two  major 
histologic  types  of  NSCLC,  with  higher  in¬ 
cidences  of  deletions  at  1 7pl  3  (TP S3),  13ql4 
(RB),  9p21  (pl6mK4a),  8p2 1—2 3 ,  and  several 
3p  regions  in  squamous  cell  carcinomas  (17, 
27,  28).  Recently,  differences  in  pl6INK4a , 
APC ,  and  H-cadherin  gene  methylation  fre¬ 
quencies  have  been  detected  between  squa¬ 
mous  cell  and  adenocarcinoma,  suggesting 
that  different  gene  methylation  patterns  char¬ 
acterize  the  two  major  histologic  types  of 
NSCLC  (24).  Recent  findings  indicate  that 
mutations  in  three  genes,  KRAS ,  EGFR,  and 
Her2/neu ,  occur  almost  exclusively  in  lung 
cancers  of  adenocarcinoma  histology  (12,29). 
In  lung  adenocarcinoma,  KRAS  and  EGFR 
mutations  are  mutually  exclusive,  which  in¬ 
dicates  two  distinct  pathways  for  lung  ade¬ 
nocarcinoma  development  (12,  30).  Whereas 
in  smokers  tobacco-related  carcinogens  favor 
KRAS  mutations,  in  nonsmokers  unidentified 
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carcinogens  induce  EGFR  mutations  (30).  We 
refer  to  nonsmokers  as  people  who  have  never 
smoked. 

LUNG  CANCER  PRENOPLASTIC 
LESIONS 

Lung  cancers  are  believed  to  arise  after  a 
series  of  progressive  pathological  changes 
(preneoplastic  or  precursor  lesions)  in  the 
respiratory  mucosa.  Although  the  sequential 
preneoplastic  changes  have  been  defined  for 
centrally  arising  squamous  carcinomas,  they 
have  been  poorly  documented  for  large  cell 
carcinomas,  adenocarcinomas,  and  SCLCs  (4, 
7).  Mucosal  changes  in  the  large  airways  that 
may  precede  invasive  squamous  cell  carci¬ 
noma  include  squamous  dysplasia  and  CIS 
(4,  7).  Adenocarcinomas  may  be  preceded 
by  morphological  changes  including  AAH  (4, 
6)  in  peripheral  airway  cells.  For  SCLC,  no 
specific  preneoplastic  changes  have  been  de¬ 
scribed  in  the  respiratory  epithelium.  Cur¬ 
rent  information  suggests  that  preneoplastic 
lesions  are  frequently  extensive  and  multifo¬ 
cal  throughout  the  lung,  indicating  a  field  ef¬ 
fect  (field  cancerization)  by  which  much  of  the 
respiratory  epithelium  has  been  mutagenized, 
presumably  from  exposure  to  tobacco-related 
carcinogens  (5). 

The  recent  histological  classification  of 
pre-invasive  lung  lesions  by  the  World  Health 
Organization  (WHO)  lists  three  main  mor¬ 
phologic  forms  of  preneoplastic  lesions  (3): 
(a)  squamous  dysplasia  and  CIS,  (b)  AAH, 
and  (c)  diffuse  idiopathic  pulmonary  neuroen¬ 
docrine  cell  hyperplasia  (DIPNECH).  How¬ 
ever,  as  we  will  explain  in  this  review,  these 
lesions  account  for  the  development  of  only  a 
subset  of  lung  cancers. 

Squamous  Cell  Carcinoma 
Preneoplastic  Lesions 

Mucosal  changes  in  the  large  airways  that 
may  precede  or  accompany  invasive  squamous 
cell  carcinoma  include  hyperplasia,  squamous 
metaplasia,  squamous  dysplasia,  and  CIS 
(Figure  1)  (4,  7).  Two  types  of  bronchial  ep¬ 


ithelial  hyperplasia  that  are  thought  to  be 
reactive  lesions,  goblet  cell  hyperplasia  and 
basal  cell  (reserve  cell)  hyperplasia,  may  oc¬ 
cur.  Dysplastic  squamous  lesions  are  consid¬ 
ered  true  preneoplastic  lesions  and  may  vary  in 
degree  (i.e.,  mild,  moderate,  or  severe);  how¬ 
ever,  these  lesions  represent  a  continuum  of 
cytologic  and  histologic  atypical  changes  that 
may  show  some  overlapping  features  between 
categories.  Whereas  mild  squamous  dyspla¬ 
sia  is  characterized  by  minimal  architectural 
and  cytological  disturbance,  moderate  dys¬ 
plasia  exhibits  more  cytological  irregularity, 
which  is  even  higher  in  severe  dysplasia  and 
is  accompanied  by  considerable  cellular  poly¬ 
morphism.  In  a  subset  of  squamous  dysplas¬ 
tic  changes,  the  basal  membrane  thickens  and 
there  is  vascular  budding  in  the  subepithe- 
lial  tissues  that  results  in  papillary  protru¬ 
sions  of  the  epithelium,  lesions  that  have  been 
termed  angiogenic  squamous  dysplasia  (31). 
CIS  demonstrates  extreme  cytological  aber¬ 
rations  with  almost  complete  architectural 
disarray,  but  with  an  intact  basement  mem¬ 
brane  and  absence  of  stromal  invasion.  Foci  of 
CIS  usually  arise  near  bifurcations  in  the  seg¬ 
mental  bronchi,  subsequently  extending  prox- 
imally  into  the  adjacent  lobar  bronchus  and 
distally  into  subsegmental  branches.  These  le¬ 
sions  are  often  not  detected  by  conventional 
white-light  bronchoscopy  or  gross  examina¬ 
tion.  However,  the  utilization  of  fluorescent 
bronchoscopy,  such  as  lung-imaging  fluores¬ 
cent  endoscopy  (LIFE),  greatly  increases  the 
sensitivity  for  detection  of  squamous  dysplas¬ 
tic  and  CIS  lesions  (32-34).  Little  is  known 
about  the  rate  and  risks  of  progression  from 
squamous  dysplasia  to  CIS  and  ultimately  to 
invasive  squamous  cell  carcinoma.  Recently, 
a  longitudinal  study  addressing  the  natural 
histopathologic  course  of  squamous  preneo¬ 
plastic  lesions  in  bronchial  epithelium  using 
white-light  and  fluorescent  bronchoscopy  ex¬ 
aminations  was  reported  (35).  In  this  study, 
the  progression  rate  to  CIS  and  invasive  car¬ 
cinoma  was  significantly  higher  in  lesions 
with  severe  dysplasia  (32%)  compared  with 
squamous  metaplasias  (4%)  and  low-grade 
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Figure  1 

Histopatholological  and  molecular  changes  during  the  pathogenesis  of  squamous  cell  carcinoma  of  the 
lung  with  molecular  changes  commencing  at  early  stages,  and  a  histologically  normal  respiratory 
epithelium.  There  is  stepwise  molecular  and  histopathological  sequence  of  events  leading  to  dysplastic 
and  invasive  carcinoma  stages.  LOH,  loss  of  heterozygosity. 


dysplasias  (9%).  Somewhat  striking,  at  the  in¬ 
dividual  level,  the  rates  of  progression  to  squa¬ 
mous  carcinoma  were  not  significantly  higher 
in  individuals  harboring  high-grade  dysplas¬ 
tic  lesions  (39%)  compared  with  individu¬ 
als  having  only  lower-grade  lesions  (26%). 
In  addition,  the  study  detected  the  progres¬ 
sion  from  squamous  metaplasia  and  low-grade 
dysplasias  (mild  and  moderate)  to  CIS  and 
invasive  carcinoma,  suggesting  that  a  step¬ 
wise  histopathologic  multistage  development 
of  lung  squamous  cell  carcinoma  does  not  al¬ 
ways  occur,  or  it  is  not  always  detected  be¬ 
cause  of  rapid  progression.  These  findings 
suggest  that  the  current  histologic  classifica¬ 
tion  of  preneoplastic  squamous  lesions  of  the 
bronchial  epithelia  may  not  be  a  reliable  guide 
for  risk  assessment  of  lung  cancer.  Other  types 
of  biomarkers,  including  molecular  and  ge¬ 
netic  markers,  are  needed. 

There  are  no  squamous  cells  in  the  normal 
airways.  The  progenitor  or  stem  cells  for  the 
squamous  metaplastic  epithelium  of  the  prox¬ 


imal  airway  is  not  known,  but  it  is  presumed 
that  the  basal  cells  represent  a  relatively  quies¬ 
cent  zone  that  is  the  precursor  of  preneoplas¬ 
tic  epithelium.  In  fact,  squamous  metaplasia 
usually  precedes  and  accompanies  basal  cell 
hyperplasia.  Interestingly,  these  cells  express 
significant  levels  of  Egfr  protein  and  increased 
proliferative  activity  measured  by  Ki-67  stain¬ 
ing  (36,  37). 

The  current  working  model  of  the  sequen¬ 
tial  molecular  abnormalities  in  the  patho¬ 
genesis  of  squamous  cell  lung  carcinoma 
(Figure  1)  indicates  the  following:  (a) 
Genetic  abnormalities  commence  in  histolog¬ 
ically  normal  epithelium  and  grow  with  in¬ 
creasing  severity  of  histologic  changes  (27).  (b) 
Mutations  follow  a  sequence,  with  progressive 
allelic  losses  at  multiple  3p  (3p21,  3pl4,  3p22- 
24,  and  3pl2)  chromosome  sites  and  9p21 
( pl6INK4a )  as  the  earliest  detectable  changes. 
Later  changes  occur  at  8p2 1— 23 ,  13ql4  (. RB ), 
and  17pl3  (TP53)  (17,  27,  28).  pl6INK4a 
methylation  has  also  been  detected  at  an  early 
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stage  of  squamous  pre-invasive  lesions  with 
a  frequency  that  increases  during  histopatho¬ 
logic  progression  (by  24%  in  squamous  meta¬ 
plasia  and  50%  in  CIS)  (38).  (c)  Molecular 
changes  in  the  respiratory  epithelium  are 
extensive  and  multifocal  throughout  the 
bronchial  tree  of  smokers  and  lung  cancer  pa¬ 
tients,  indicating  a  field  cancerization  effect 
by  which  much  of  the  respiratory  epithelium 
has  been  mutagenized,  presumably  from  ex¬ 
posure  to  tobacco-related  carcinogens  (27, 28, 
39,  40).  (d)  Multiple  small  patches  of  histo¬ 
logically  normal  and  hyperplastic  epithelium 
with  clonal  and  subclonal  molecular  abnor¬ 
malities,  not  much  larger  in  size  than  the  aver¬ 
age  bronchial  biopsy  obtained  by  fluorescent 
bronchoscopy  and  estimated  to  be  approxi¬ 
mately  40,000  to  360,000  cells,  such  as  allelic 
loss  (chromosome  3p  and  9p21  regions)  and 
genetic  instability,  can  be  detected  in  the  nor¬ 
mal  and  slightly  abnormal  bronchial  epithe¬ 
lium  of  patients  with  lung  cancer  (41).  These 
findings  are  consistent  with  evidence  of  nu¬ 
merous  small  monosomic  and  trisomic  clonal 
and  subclonal  patches  present  in  smoking- 
damaged  upper  aerodigestive  epithelium  as 
determined  by  fluorescent  in  situ  hybridiza¬ 
tion  (FISH)  analyses  (42). 

Adenocarcinoma  Precursor  Lesions 

In  alveoli,  type  I  pneumocytes  are  involved  in 
respiratory  gas  exchange  whereas  type  II  cells 
produce  surfactant  proteins,  essential  for  pre¬ 
venting  alveoli  from  collapsing  (43).  In  bron¬ 
chioles,  short,  stubby  ciliated  cells  and  the 
secretory  Clara  cells  are  present.  The  Clara 
cells  and  the  type  II  pneumocytes  are  believed 
to  be  the  progenitor  cells  of  the  peripheral  air¬ 
ways,  and  peripherally  arising  adenocarcino¬ 
mas  often  express  markers  of  these  cell  types 
(44, 45).  Researchers  suggest  that  adenocarci¬ 
nomas  may  be  preceded  by  AAH  in  peripheral 
airway  cells  (4,  6);  however,  the  respiratory 
structures  and  the  specific  epithelial  cell  types 
involved  in  the  origin  of  most  lung  adenocar¬ 
cinomas  are  unknown.  Although  there  is  only 
one  sequence  of  morphologic  change  identi¬ 


fied  so  far  for  the  development  of  invasive  lung 
adenocarcinomas  (AAH  and  bronchioloalveo¬ 
lar  carcinoma,  BAC),  recent  data  indicate  that 
at  least  two  molecular  pathways  are  involved, 
the  KRAS  and  EGFR  pathways  in  smoker 
and  nonsmoker  populations,  respectively 
(Figure  2). 

Atypical  adenomatous  hyperplasia.  AAH 

is  considered  a  putative  precursor  of  adeno¬ 
carcinoma  (4,  6).  AAH  is  a  discrete  parenchy¬ 
mal  lesion  arising  in  alveoli  near  terminal 
and  respiratory  bronchioles  (Figure  2)  and 
may  be  single  or  multiple  lesions.  These  le¬ 
sions  maintain  an  alveolar  structure  lined  by 
rounded,  cuboidal,  or  low  columnar  cells. 
The  alveolar  walls  may  be  slightly  thickened 
by  collagen,  occasional  fibroblasts,  and  lym¬ 
phocytes.  Cellularity  and  cytological  atypia 
vary  from  minimal  to  high  grade.  The  postu¬ 
lated  progression  of  AAH  to  adenocarcinoma 
with  BAC  features,  which  is  characterized 
by  the  growth  of  neoplastic  cells  along  pre¬ 
existing  alveolar  structures  without  evidences 
of  stromal,  pleural,  or  vascular  invasion  and 
without  metastasis,  is  supported  by  morpho¬ 
metric,  cytofluorometric,  and  molecular  stud¬ 
ies  (6,  7).  Distinction  between  highly  atypical 
AAH  and  BAC  is  sometimes  difficult.  Some¬ 
what  arbitrarily,  BAC  are  considered  gener¬ 
ally  >10  mm  in  diameter,  with  more  pleomor- 
phism,  mild  stratification,  packed  cells,  and 
abrupt  transitions  to  adjacent  alveolar  lining 
cells.  However,  the  distinction  may,  on  occa¬ 
sion,  be  difficult.  The  differentiation  pheno¬ 
type  derived  from  immunohistochemical  and 
ultrastructural  features  indicates  that  AAHs 
originate  from  the  progenitor  cells  of  the  pe¬ 
ripheral  airways  (46,  47).  Surfactant  apopro¬ 
tein  and  Clara  cell-specific  10-kDd  protein 
are  expressed  in  almost  all  AAHs  (46).  As  many 
as  2  5  %  of  the  cells  show  ultrastructural  fea¬ 
tures  of  Clara  cells  and  type  II  pneumocytes 
(47).  Recent  results  from  a  study  (48)  per¬ 
formed  in  mice  and  lung  cancer  mouse  models 
suggest  that  peripheral  bronchioalveolar  cells 
expressing  Clara  cell-specific  protein  and  sur¬ 
factant  protein-C,  and  having  in  vitro  stem 
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Peripheral  airway 
epithelium 


Figure  2 

Two  molecular  pathways  involved  in  the  development  of  lung  cancer  have  been  recognized.  AAH, 
atypical  adenomatous  hyperplasia;  BAC,  bronchioloalveolar  carcinoma. 


cell  properties  (termed  bronchioalveolar  stem 
cell,  BASC),  are  the  stem  cell  population  that 
maintains  the  bronchiolar  Clara  cells  and  alve¬ 
olar  cells  of  the  distal  respiratory  epithelium. 
In  vitro  studies  performed  in  the  same  study 
indicated  that  the  BASC- transformed  coun¬ 
terpart  gives  rise  to  adenocarcinoma  of  the 
lung.  BASCs  expanded  in  response  to  onco¬ 
genic  KRAS  in  culture  and  in  precursors  of 
mouse  lung  tumors  in  vivo  (48). 

An  increasing  body  of  evidence  supports 
the  concept  of  AAH  as  the  precursor  of  at  least 
a  subset  of  adenocarcinomas.  AAH  is  most 
frequently  detected  in  lungs  of  patients  bear¬ 
ing  lung  cancers  (9% -20%),  especially  ade¬ 
nocarcinomas  (as  many  as  40%),  compared 
with  squamous  cell  carcinomas  (11%)  (7,  49- 


52).  In  contrast,  autopsy  studies  have  reported 
AAH  in  ~3%  of  noncancer  patients  (53).  Be¬ 
cause  inflation  of  the  lungs  prior  to  sectioning 
(a  practice  not  common  in  the  United  States) 
aids  identification,  their  true  incidence  may 
be  higher  than  indicated.  Some  patients  dis¬ 
play  a  large  number  of  AAH  lesions  (>40) 
in  conjunction  with  multiple  synchronous  pe¬ 
ripheral  lung  adenocarcinomas  or  BACs  (51). 
However,  it  is  extremely  difficult  to  know  the 
progression  rate  of  AAH  to  lung  adenocar¬ 
cinoma,  and  it  is  also  currently  almost  im¬ 
possible  to  determine  if  AAHs  may  regress. 
Because  they  are  air-filled  structures,  they  may 
appear  as  ground  glass  opacities  on  computed 
tomography  scans.  However,  AAH  location, 
size,  and  relative  invisibility  to  most  imaging 
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methods  make  longitudinal  studies  even  more 
difficult  than  centrally  located  squamous  pre¬ 
neoplastic  lesions. 

Several  molecular  changes  frequently 
present  in  lung  adenocarcinomas  are  also 
present  in  AAH  lesions,  and  they  are  further 
evidence  that  AAH  may  represent  true  pre¬ 
neoplastic  lesions  (46).  The  most  important 
finding  is  the  presence  of  KRAS  (codon  12) 
mutations  in  as  many  as  39%  of  AAHs,  which 
are  also  a  relatively  frequent  alteration  in  lung 
adenocarcinomas  (6,  54).  Other  molecular  al¬ 
terations  detected  in  AAH  are  overexpression 
ofCyclinDl  (~70%),p53  (rangingfrom  10% 
to  58%),  survivin  (48%),  and  HER2/neu  (7%) 
proteins  (6,  55,  56).  Some  AAH  lesions  have 
demonstrated  loss  of  heterozygosity  (LOH)  in 
chromosomes  3p  (18%),  9p  ( pl6INK4a ,  13%), 
9q  (53%),  17q,  and  17p  ( TP53 ,  6%),  changes 
that  are  frequently  detected  in  lung  adeno¬ 
carcinomas  (57,  58).  A  study  on  lung  adeno¬ 
carcinoma  with  synchronous  multiple  AAHs 
showed  frequent  LOH  of  tuberous  sclerosis 
complex  (TSC)-associated  regions  ( TSC1  at 
9q,  53%,  and  TSC2  at  16p,  6%),  suggesting 
that  these  are  candidate  loci  for  TSG  in  a 
subset  of  adenocarcinomas  of  the  lung  (58). 
Some  cases  of  AAH  have  been  monoclonal, 
suggesting  that  it  may  be  a  true  preneoplas¬ 
tic  lesion  (59).  Activation  of  telomerase,  re¬ 
quired  for  the  perpetuation  of  cancer  cells  and 
expressed  by  human  telomerase  RNA  com¬ 
ponent  and  telomerase  reverse  transcriptase 
mRNA,  has  been  detected  in  27%  to  78%  of 
AAH  lesions,  depending  on  their  atypia  level 
(60).  Recently,  it  was  shown  that  loss  of  LKB1, 
a  serine/threonine  kinase  that  functions  as  a 
TSG,  is  frequent  in  lung  adenocarcinomas 
(25%)  and  AAH  (21%)  with  severe  cytological 
atypia,  whereas  it  is  rare  in  mild  atypical  AAH 
lesions  (5%),  suggesting  that  LKB1  inactiva¬ 
tion  may  play  a  role  in  the  AAH  progression 
to  malignancy  (61). 

Bronchial  and  bronchiolar  epithelium  as 
precursors  of  adenocarcinomas.  Despite 
evidence  that  AAH  is  a  precursor  lesion  for  pe¬ 
ripheral  lung  adenocarcinomas,  there  is  gen¬ 


eral  consensus  that  the  pathogenesis  of  many 
adenocarcinomas,  especially  those  of  central 
origin,  is  still  unknown.  The  presence  of 
KRAS  mutations  in  bronchiolar  epithelium 
with  atypical  changes  raised  the  possibility 
that  non-AAH  lesions  could  also  be  the  ori¬ 
gin  of  lung  adenocarcinomas  (62).  The  recent 
findings  of  several  distinct  genetic  changes 
specifically  associated  with  lung  adenocarci¬ 
noma,  such  as  EGFR  (10-12),  Her2/neu  (29), 
and  BRAF  (63)  genes  mutations,  represent 
a  unique  opportunity  to  study  further  the 
pathogenesis  of  adenocarcinomas  of  the  lung. 

Somatic  mutations  of  EGFR,  a  tyrosine 
kinase  (TK)  of  the  ERBB  family,  have  been 
reported  recently  in  a  subset  of  lung  adeno¬ 
carcinomas  (10-12,  64-67)  (Figure  3).  Those 
mutations  are  clinically  relevant  because  most 
of  them  have  been  associated  with  sensitivity 
of  lung  adenocarcinoma  to  small  molecule  TK 
inhibitors  (gefitinib  and  erlotinib)  (10,  11,  64, 
68).  The  mutations  are  associated  significantly 
with  adenocarcinoma  histology,  non-  or  light- 
smoker  status,  females,  and  East  Asian  eth¬ 
nic  groups  (12).  Data  analysis  from  13  (10, 
12, 45, 65-67, 69-75)  recently  published  stud¬ 
ies  on  EGFR  mutations  in  surgically  resected 
specimens  in  more  than  1600  lung  cancers 
indicates  that  the  incidence  of  mutations  in 
adenocarcinomas  is  at  least  fourfold  higher  in 
East  Asian  populations  (China,  Japan,  Korea, 
and  Taiwan)  compared  with  Western  popula¬ 
tions  (Australia,  Italy,  and  the  United  States) 
(Figure  3 a).  Analysis  of  721  EGFR  muta¬ 
tions  reported  from  surgically  resected  (12, 
65-67,  69-71,  73-75)  and  small-biopsy  lung 
cancer  specimens  (10,  11,  71,  76-82)  demon¬ 
strated  that  more  than  90%  of  the  muta¬ 
tions  detected  in  EGFR  are  in-frame  deletions 
in  exon  19,  and  there  was  a  single  missense 
mutation  in  exon  21  (L858R)  (10-12,  64- 
67)  (Figure  3b).  Researchers  propose  that 
lung  cancer  cells  with  mutant  EGFR  may 
become  physiologically  dependent  on  the 
continued  activity  of  the  gene  for  the  main¬ 
tenance  of  their  malignant  phenotype,  which 
leads  to  accelerated  development  of  lung  ade¬ 
nocarcinoma  (3  0).  Recent  studies  indicate  that 
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(a)  Summary  of 
epidermal  growth 
factor  receptor 
(EGFR)  gene 
mutation  frequency 
in  lung  cancer  by 
histology  and 
country  of  origin. 
Data  analysis  from 
13  (10,  12,45, 

65-67,  69-75) 
recently  published 
studies  examining 
more  than  1600  lung 
cancers  have  been 
summarized. 

(b)  Summary  of  exon 
distribution  of  72 1 
EGFR  mutations 
reported  from 
surgically  resected 
(12,65-67,  69-71, 
73-75)  and 
small-biopsy  (10,  11, 
71,  76-82)  lung 
cancer  specimens. 


tumor  cell  high  EGFR  copy  number,  identi¬ 
fied  by  FISH  technique  and  Egfr  immunohis- 
tochemical  expression,  may  also  be  effective 
predictors  for  EGFR  TK  inhibitors  (76,  79, 
83). 

Some  studies  have  investigated  Egfr  ex¬ 
pression  in  centrally  located  bronchial  pre¬ 
neoplastic  lesions  of  the  lung  (36,  84),  which 
are  considered  markers  for  squamous  meta¬ 
plasia  (84).  In  lung  adenocarcinoma,  recent 


studies  indicate  that  the  recently  identified 
TK  domain  of  EGFR  mutations  is  an  early 
development  in  the  pathogenesis  of  lung  can¬ 
cer,  being  identified  in  histologically  normal 
epithelium  of  small  bronchi  and  bronchioles 
adjacent  to  EGFR  mutant  adenocarcinomas 
(85).  We  have  detected  EGFR  mutations  in 
normal-appearing  peripheral  respiratory  ep¬ 
ithelium  in  9  out  of  21  (43%)  adenocarci¬ 
noma  patients  (85),  but  not  in  patients  without 
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diffuse  idiopathic 
pulmonary 
neuroendocrine  cell 
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mutation  in  the  tumor  (85).  Our  finding  of 
more  frequent  EGFR  mutations  in  normal 
epithelium  within  the  tumor  (43%)  than  in 
adjacent  sites  (24%)  suggests  a  localized  field 
effect  phenomenon  for  this  abnormality  in  the 
respiratory  epithelium  of  the  lung.  A  higher 
frequency  of  mutations  in  cells  obtained  from 
small  bronchi  (35%)  compared  with  bronchi¬ 
oles  (18%)  was  detected.  This  finding  may 
correlate  with  different  cell  types  populat¬ 
ing  those  epithelia,  which  could  represent  the 
site  of  the  cell  of  origin  for  EGFR  mutant 
adenocarcinomas  of  the  lung.  Although  the 
cell  type  having  those  mutations  is  unknown, 
we  hypothesize  that  stem  or  progenitor  cells 
of  the  bronchial  and  bronchiolar  epithelium 
bear  such  mutations.  The  finding  of  relatively 
infrequent  EGFR  mutations  in  AAH  lesions 
(3  out  of  40  examined)  (45,  86)  and  the  finding 
of  no  mutation  ( 1 2)  or  relatively  low  frequency 
of  mutation  in  true  BACs  of  the  lung  (86)  sup¬ 
port  the  concept  that  genetic  abnormalities  of 
EGFR  are  not  relevant  in  the  pathogenesis  of 
alveolar-type  lung  neoplasia. 

The  low  frequency  of  molecular  abnor¬ 
malities  detected  in  the  centrally  located 
bronchial  respiratory  epithelium  in  patients 
with  peripheral  lung  adenocarcinomas,  com¬ 
pared  with  specimens  from  patients  with 
squamous  cell  carcinomas  and  SCLC  (87), 
suggests  the  presence  of  two  compartments  in 
the  lung  with  different  degrees  of  smoking- 
related  genetic  damage.  Thus,  smokers  who 
develop  squamous  cell  carcinoma  and  SCLC 
have  more  smoking-related  genetic  damage 
in  the  respiratory  epithelium  of  the  central 
airway,  whereas  patients  who  develop  adeno¬ 
carcinoma  have  damage  mainly  in  the  periph¬ 
eral  airways  (small  bronchus,  bronchioles,  and 
alveoli). 

Precursor  Lesions  of 
Neuroendocrine  Tumors 

As  stated  above,  the  precursor  lesions  for  the 
most  common  type  of  neuroendocrine  carci¬ 
noma  of  the  lung,  the  SCLC,  are  unknown 
(4,  7).  However,  a  rare  lesion  termed  dif¬ 


fuse  idiopathic  pulmonary  neuroendocrine 
cell  hyperplasia  (DIPENECH)  has  been  as¬ 
sociated  with  the  development  of  other  neu¬ 
roendocrine  tumors  of  the  lung,  typical  and 
atypical  carcinoids  (4,  88,  89)  (Figure  4). 
DIPENECH  consists  of  a  generalized  prolif¬ 
eration  of  scattered  single  cells,  small  nodules, 
or  linear  proliferations  of  neuroendocrine 
cells  present  in  the  bronchial  and  bronchi¬ 
olar  epithelium.  These  lesions  include  lo¬ 
cal  extraluminal  proliferations  in  the  form  of 
tumorlets. 

Small  cell  lung  carcinoma  precursors.  As 

the  development  of  epithelial  cancers  re¬ 
quires  the  stepwise  accumulation  of  mul¬ 
tiple  mutations,  which  may  represent  a 
mutator  phenotype,  it  is  possible  that  those 
epithelial  cell  clones  that  have  accumulated 
multiple  mutations  are  at  higher  risk  for 
developing  malignant  transformation  (90).  As 
stated  before,  no  phenotypically  identifiable 
epithelial  lesion  has  been  identified  as  a  pre¬ 
cursor  for  SCLC.  We  performed  a  study 
comparing  the  molecular  changes  (LOH  at 
several  chromosomal  sites  and  microsatel¬ 
lite  instability)  occurring  in  histologically 
normal  and  mildly  abnormal  (hyperplastic), 
centrally  located  bronchial  epithelium  accom¬ 
panying  SCLCs  and  NSCLCs  (squamous  cell 
carcinomas  and  adenocarcinoma)  (87).  Nor¬ 
mal  and  hyperplastic  bronchial  epithelium 
accompanying  SCLC  demonstrated  a  signifi¬ 
cantly  higher  incidence  of  genetic  abnormal¬ 
ities  than  those  adjacent  to  NSCLC  tumor 
types  (19).  These  findings  indicate  that  more 
widespread  and  more  extensive  genetic  dam¬ 
age  is  present  in  bronchial  epithelium  in  pa¬ 
tients  with  SCLC  (Figure  4).  The  finding  that 
some  specimens  of  normal  or  mildly  abnormal 
epithelia  accompanying  SCLCs  have  a  high 
incidence  of  genetic  changes  (19)  suggests 
that  SCLC  may  arise  directly  from  histolog¬ 
ically  normal  or  mildly  abnormal  epithelium, 
without  passing  through  a  more  complex  his¬ 
tologic  sequence  (parallel  theory  of  cancer 
development). 
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Figure  4 

Although  the  molecular  information  is  limited,  available  data  suggest  that  tumorlet  is  the  potential 
precursor  for  lung  carcinoids,  and  small  cell  lung  carcinoma  (SCLC)  may  arise  from  molecularly  altered, 
histologically  normal,  or  hyperplastic  bronchial  epithelium.  LOH,  loss  of  heterozygosity. 


SMOKING-DAMAGED 
BRONCHIAL  EPITHELIUM 

After  smoking  cessation,  the  risk  of  develop¬ 
ing  lung  cancer  decreases,  but  never  reaches 
baseline  levels  of  nonsmokers  (91).  Advanced 
lung  preneoplastic  changes  occur  more  fre¬ 
quently  in  smokers  than  nonsmokers,  and 
they  increase  in  frequency  with  the  amount 
of  smoke  exposure,  adjusted  by  age  (92).  Risk 
factors  that  identify  normal  and  premalig- 
nant  bronchial  tissue  for  malignant  progres¬ 
sion  need  to  be  better  defined.  However, 
only  scant  information  is  available  regarding 
molecular  changes  in  the  respiratory  epithe¬ 
lium  of  smokers  without  cancer.  Two  inde¬ 
pendent  studies  show  that  the  genetic  changes 


(loss  of  heterozygosity  and  microsatellite 
instability)  found  in  invasive  cancers  and  pre¬ 
neoplasia  can  also  be  identified  in  morpholog¬ 
ically  normal-appearing  bronchial  epithelium 
from  current  or  former  smokers,  and  they  may 
persist  for  many  years  after  smoking  cessation 
(39,  40).  In  general,  such  genetic  changes  are 
not  found  in  the  bronchial  epithelium  from 
true  nonsmokers.  As  has  been  observed  in  ep¬ 
ithelial  foci  accompanying  invasive  lung  car¬ 
cinoma  (27),  allelic  losses  on  chromosomes 
3p  and  9p  are  often  present.  These  findings 
support  the  hypothesis  that  identifying  ge¬ 
netic  abnormalities,  such  as  allelic  losses,  in 
biopsies  may  provide  new  methods  for  assess¬ 
ing  the  risk  of  smokers  developing  invasive 
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lung  cancer  and  monitoring  their  response  to 
chemoprevention. 

We  have  demonstrated  that  molecular 
changes  (allelic  loss  and  genomic  instability) 
in  the  bronchial  epithelium  may  persist  long 
after  smoking  cessation  (39,  40).  Of  interest, 
Lee  and  colleagues  (3  7)  reported  that  smoking 
appears  to  elicit  a  dose-related  proliferative 
response  in  the  bronchial  epithelia  of  active 
smokers  measured  by  the  Ki-67  proliferation 
index.  Although  the  proliferative  response 
decreased  gradually  in  former  smokers,  a  sub¬ 
set  of  individuals  had  detectable  prolifera¬ 
tion  for  many  years  after  quitting  smoking 
(37). 

Recent  results  on  methylation  analysis  of 
several  genes,  including  RARfi-2,  H-cadherin , 
APC,  pl6INK4a,  and  RASFF1A,  indicate  that 
abnormal  gene  methylation  is  a  relatively 


frequent  occurrence  in  oropharyngeal  and 
bronchial  epithelial  cells  in  heavy  smokers 
with  evidence  of  sputum  atypia  (93).  Methy¬ 
lation  in  one  or  more  of  three  genes  tested 
( pl6INK4a ,  GSTP1 ,  and  DAPK)  has  been 
demonstrated  in  bronchial  brush  specimens 
in  approximately  one  third  of  smoker  sub¬ 
jects  (94).  Aberrant  promoter  methylation  of 
pl6l NK4a  was  seen  in  at  least  one  bronchial 
epithelial  site  from  44%  of  lung  cancer  pa¬ 
tients  and  cancer- free  smokers.  No  promoter 
methylation  of  these  genes  was  detected 
in  bronchial  epithelium  from  nonsmokers. 
These  results  indicate  that  aberrant  promoter 
hypermethylation  of  the  pi  6INK4a  gene,  and  to 
a  lesser  extent,  DAPK ,  occurs  frequently  in 
the  bronchial  epithelium  of  lung  cancer  pa¬ 
tients  and  cancer-free  smokers  and  persists  af¬ 
ter  smoking  cessation  (95). 


SUMMARY  POINTS 

1 .  Lung  cancer  results  from  the  accumulation  of  multiple  genetic  and  epigenetic  changes. 
Different  patterns  of  molecular  alterations  have  been  detected  among  the  major  lung 
cancer  histology  types. 

2.  Recent  findings  indicate  that  mutation  of  KRAS ,  EGFR ,  and  Her2/neu  genes  occur 
almost  exclusively  in  lung  cancer  of  adenocarcinoma  histology. 

3 .  There  are  three  main  morphologic  forms  of  preneoplastic  lesions  recognized  in  the 
lung:  squamous  dysplasias,  atypical  adenomatous  hyperplasia,  and  diffuse  idiopathic 
pulmonary  neuroendocrine  cell  hyperplasia.  However,  these  lesions  account  for  the 
development  of  only  a  subset  of  lung  cancers. 

4.  For  squamous  cell  carcinoma  of  the  lung,  the  current  working  model  indicates  a 
stepwise  sequence  of  molecular  and  histopathological  changes,  with  the  molecular 
abnormalities  starting  in  histologically  normal  and  mildly  abnormal  epithelia. 

5.  AAH  is  considered  a  putative  precursor  of  a  subset  of  lung  adenocarcinoma,  and  they 
demonstrate  similar  molecular  changes  than  invasive  tumors. 

6.  Two  different  molecular  pathways  have  been  detected  in  lung  adenocarcinoma 
pathogenesis:  smoking-related  pathways  associated  with  KRAS  mutations  and 
nonsmoking-related  pathways  associated  with  EGFR  mutations;  the  latter  are  de¬ 
tected  in  histologically  normal  respiratory  epithelium. 

7.  Molecular  changes  detected  in  lung  tumors  and  associated  preneoplastic  lesions  have 
been  detected  in  smoking-damaged  epithelium  of  smokers,  including  histologically 
normal  bronchial  epithelium. 
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8.  Molecular  changes  in  the  respiratory  epithelium  are  extensive  and  multifocal  through¬ 
out  the  bronchial  tree  of  smokers  and  lung  cancer  patients,  indicating  a  field  effect 
(i.e.,  field  cancerization). 
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Perspective 


Chromosomal  Deletions  and  Progression  of  Premalignant  Lesions: 
Less  Is  More 


Ignacio  I.  Wistuba1  and  Matthew  Meyerson2,3 

Epithelial  malignancies  arise  after  a  series  of  progressive 
pathologic  changes  including  hyperplasia,  different  grades 
of  dysplasia,  and  carcinoma  in  situ  (1).  These  premalignant 
changes  can  accompany  cancer  or  may  occur  in  the  epithelium 
of  individuals  at  high  risk.  Sequential  premalignant  lesions 
have  been  defined  for  many  epithelial  tumors,  including  oral 
squamous  cell  carcinoma  (1)  and  Barrett's  esophageal  adeno¬ 
carcinoma  (3).  Two  of  the  most  exciting  areas  of  current  cancer 
research  are  (a)  novel  high-throughput  technology  for  molecu¬ 
lar  studies  of  carcinogenesis  and  (b)  the  use  of  this  technology 
in  discovering  and  characterizing  genetic  abnormalities  that 
underlie  the  progression  of  epithelial  premalignancy 

Many  studies  of  the  last  2  decades  have  helped  to  character¬ 
ize  molecular  changes  of  epithelial  premalignancy.  Encour¬ 
aged  by  the  development  of  methodologies  (such  as  laser 
microdissection)  for  isolating  cells  from  small  histologic  le¬ 
sions,  and  of  techniques  to  do  genomic  studies  on  minute 
amounts  of  DNA,  several  groups  have  made  substantial  pro¬ 
gress  in  unveiling  the  molecular  and  genetic  abnormalities  of 
epithelial  premalignant  lesions  (2,  3-7).  These  changes  involve 
inactivation  of  known  and  putative  tumor  suppressor  genes 
and  several  dominant  oncogenes.  Tumor  suppressor  genes 
are  believed  to  be  inactivated  via  a  two-step  process  involving 
both  alleles.  Knudson  (8)  proposed  that  the  first  "hit"  fre¬ 
quently  is  a  point  mutation,  whereas  the  second  allele  is  sub¬ 
sequently  inactivated  via  a  chromosomal  deletion,  translocation, 
or  other  event  such  as  methylation  of  gene  promoter  regions  (9). 
Dominant  oncogenes  are  frequently  activated  by  mutation, 
increased  copy  number,  and  translocations  (9). 

The  general  working  model  of  sequential  molecular  ab¬ 
normalities  in  the  pathogenesis  of  epithelial  tumors  indicates 
that  genetic  changes  ( a )  commence  in  histologically  normal 
epithelium  and  progress  with  the  increasing  severity  of  epithe¬ 
lial  changes,  (b)  follow  a  sequence  from  early  to  late  changes, 
and  ( c )  are  extensive  and  multifocal  throughout  the  epithe¬ 
lium,  indicating  a  field  effect,  also  known  as  "field  canceriza- 
tion"  (3).  Therefore,  in  various  organ  sites,  multiple  clonal  and 
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subclonal  patches  of  molecularly  abnormal  epithelial  cells 
(with  or  without  cytologic  and  morphologic  abnormalities) 
can  be  detected  throughout  the  affected  epithelium.  New 
high-throughput  genomic  and  proteomic  profiling  techniques 
are  now  starting  to  be  applied  to  premalignant  or  normal¬ 
appearing  tissue  because  these  techniques  are  suitable  for 
studying  the  small  amounts  of  tissue  usually  available  in  these 
precancer  settings. 

Oral  squamous  cell  carcinoma  and  Barrett's  esophageal  ade¬ 
nocarcinoma  are  on  the  frontier  of  innovative  discoveries  in¬ 
volving  molecular  events  in  the  progression  of  premalignant 
lesions  (2,  3).  These  two  diseases  are  good  models  of  cancer 
genetic  progression  because  the  premalignant  epithelium  can 
be  safely  visualized  and  biopsied  so  that  genomic  changes  can 
be  compared  in  different  stages  of  neoplastic  evolution  and 
then  studied  longitudinally  by  biopsy  surveillance.  Several 
studies  have  shown  that  the  general  working  model  of  pro¬ 
gression  described  above  applies  to  both  tumor  types. 

Oral  leukoplakia  is  the  most  common  head  and  neck  pre¬ 
malignant  lesion  and  has  a  malignant  transformation  rate  as 
high  as  24%  (10).  Deletion  of  one  of  the  two  alleles  within 
chromosome  arm  3p  and  chromosome  segment  9p21  is  the 
most  frequent  event  in  oral  lesions  with  only  mild  dysplasia 
and  even  in  some  normal-appearing  epithelial  cells  (11).  Oral 
leukoplakias  with  deletions  in  the  3pl4  ( FHIT )  and  9p21 
(CDKN2A)  regions  are  reported  to  carry  a  higher  risk  for 
transformation  (2).  Barrett's  esophagus  (BE)  is  the  only  known 
premalignancy  of  esophageal  adenocarcinoma;  only  a  small 
fraction  (0.5-1%  annually)  of  BE  patients  subsequently  devel¬ 
op  adenocarcinoma  (12).  Although  less  accessible  than  are  oral 
lesions,  BE  is  a  unique  model  for  the  study  of  human  neoplas¬ 
tic  progression  in  vivo.  The  standard  care  of  BE  requires  biop¬ 
sies  according  to  defined  protocols  at  multiple  time  points 
from  the  same  patient,  allowing  the  generation  of  spatial  maps 
and  longitudinal  evaluation  of  genetic  alterations  that  arise 
during  clonal  evolution.  Several  studies  of  BE  indicate  that 
inactivation  of  CDKN2A  by  loss  of  heterozygosity  (LOH), 
methylation,  and/or  mutation  is  selected  as  an  early  event 
that  predisposes  to  large  clonal  expansions  of  the  BE  tissue 
(12,  13).  Subsequent  inactivation  of  TP 5 3  by  mutation  and 
LOH  predisposes  to  progression  to  aneuploidy  and  invasive 
adenocarcinoma  development  (13).  All  these  studies  have 
been  done  using  low-throughput  methodologies  with  analysis 
of  abnormalities  on  few  chromosomal  foci  or  specific  genes. 

In  the  present  issue  of  the  journal,  Tsui  et  al.  (14)  and  Li  et  al. 
(15)  report  their  high-throughput  analyses  of  genetic  abnor¬ 
malities  in  premalignant  lesions  that  provide  insights  on  chro¬ 
mosomal  changes  in  the  early  pathogenesis  of  oral  squamous 
cell  carcinoma  (14)  and  BE  (15).  These  studies  are  among  the 
first  to  use  high-throughput  DNA  copy  number  analysis  by 
microarrays  in  the  study  of  the  sequential  progression  of  pre¬ 
malignant  lesions  of  any  organ  site.  Comparative  genomic 


Cancer  Prev  Res  2008;1(6)  November  2008  404  www.aacrjournals.org 

Downloaded  from  cancerpreventionresearch.aacrjournals.org  on  July  29,  201 1 
Copyright  ©  2008  American  Association  for  Cancer  Research 


DOM  0.1 1 58/1 940-6207. CAPR-08-01 77 


Deletions  and  Progression  of  Premalignant  Lesions 


hybridization  (CGH)  profiling  has  been  previously  applied  to 
oral  squamous  cell  carcinoma  (16-18),  leading  to  the  identifi¬ 
cation  of  novel  chromosomal  regions  (e.g.,  5pl5.2  and 
llq.22.2-22.3)  frequently  altered  in  this  neoplasm  (16).  Earlier 
studies  using  GCH  and  single-nucleotide  polymorphism 
(SNP)  array  have  already  shown  that  chromosomal  abnormal¬ 
ities  increase  with  the  progression  of  BE  lesions,  but  they  ana¬ 
lyzed  only  a  few  tissue  specimens  (19,  20).  Both  of  the  present 
studies  showed  that  microarray-based  DNA  copy  number 
analyses  can  reveal  the  progression  of  chromosomal  abnorm¬ 
alities  that  parallels  the  clinical  and  histopathologic  progres¬ 
sion  of  premalignancy.  The  findings  of  these  studies  also 
have  some  potential  to  be  used  to  predict  the  risk  of  progres¬ 
sion  of  either  oral  leukoplakia  or  BE. 

Tsui  et  al.  (14)  used  CGH  to  evaluate  genetic  alterations  on 
chromosome  3p  in  47  oral  premalignant  lesions  with  high- 
grade  dysplastic  features  (severe  dysplasia  and  carcinoma 
in  situ)  and  compared  these  alterations  with  findings  in  23  oral 
squamous  cell  carcinomas;  all  samples  were  formalin-fixed 
and  paraffin-embedded  tissues.  This  study  was  stimulated 
by  previous  laboratory  work  of  this  group  (21,  22)  and  others 
(2,  10,  11),  showing  that  chromosome  3p  is  frequently  altered 
in  the  early  pathogenesis  of  oral  carcinoma  and  has  been 
associated  with  the  risk  of  premalignant  lesion  progression 
(2,  10,  11,  21,  22).  High-grade  dysplastic  lesions  exhibited  six 
recurrent  regions  of  losses  on  3p  including  3p25.3-p26.1, 
3p25.1-p25.3,  3p24.1,  3p21.31-p22.3,  3pl4.2,  and  3pl4.1,  which 
overlapped  losses  found  in  invasive  carcinoma.  Next,  the 
authors  examined  these  regions  in  24  low-grade  dysplastic  le¬ 
sions  with  known  outcomes,  including  2  hyperplasias  and  22 
mild  and  moderate  dysplasias,  and  determined  that  3p  losses 
were  identified  more  frequently  in  low-grade  dysplastic  le¬ 
sions  with  progressive  behavior  (78%)  compared  with  nonpro¬ 
gressing  lesions  (20%).  This  interesting  observation  obviously 
will  require  verification  in  a  larger  cohort  of  patients.  In  our 
opinion,  one  remarkable  finding  of  this  report  is  that  the  size 
of  3p  segmental  losses,  or  discontinuous  LOH  (alternating 
segments  showing  loss  and  retention;  portrayed  in  Fig.  1), 
increased  with  histologic  stage;  segmental  3p  losses  were 
detected  in  premalignant  lesions,  whereas  whole-arm  loss 
occurred  mainly  in  invasive  tumors. 

Li  et  al.  (15)  used  a  medium-density  SNP  array  (containing 
~33,000  SNPs)  to  investigate  genome-wide  chromosomal 
copy  number  changes  in  whole  frozen  tissue  specimens  (ob¬ 
tained  by  endoscopy  or  surgical  resection)  of  multiple  stages 
of  BE  and  esophageal  adenocarcinoma  from  42  patients.  This 
investigation  is  from  the  same  laboratory  that  established  the 
working  model  for  BE  molecular  progression  (3)  and  one  of 
the  first  laboratories  to  use  SNP  arrays  for  the  analysis  of  hu¬ 
man  premalignancy  (23).  The  mucosal  esophageal  tissues  used 
in  this  cross-sectional  study  included  24  early-stage  BE  speci¬ 
mens  (with  or  without  aneuploidy  and  that  did  not  develop 
cancer  during  follow-up),  10  late-stage  BE  specimens  (with 
microscopic  invasion),  and  8  grossly  invasive  esophageal  ade¬ 
nocarcinoma  specimens.  Genome-wide  copy  losses  and  LOH 
(the  most  frequent  changes)  and  copy  gains  increased  in  fre¬ 
quency  and  size  between  early  and  late  BE,  with  SNP  abnorm¬ 
alities  increasing  from  2%  in  early  stages  to  >30%  in  late 
stages.  A  set  of  statistically  significant  events  was  unique  to 
either  early  or  late  BE  stage,  and  few  chromosomal  regions 
with  changes  were  common  in  all  stages  of  progression.  It  is 


interesting  that  the  total  number  of  genome-wide  SNP  altera¬ 
tions  (gains,  losses,  and  LOH)  was  highly  correlated  with 
DNA  content  aneuploidy  and  was  sensitive  and  specific  for 
identifying  patients  with  concurrent  esophageal  adenocarcino¬ 
ma.  As  with  chromosome  3p  in  the  study  of  Tsui  et  al.  (14),  Li 
et  al.  found  that  the  sizes  of  chromosome  abnormalities  were 
small  in  early-stage  BE  compared  with  late  stages,  including 
invasive  adenocarcinoma,  except  in  the  case  of  9p  LOH. 

How  do  the  articles  by  Tsui  et  al.  (14)  and  Li  et  al.  (15)  con¬ 
tribute  to  the  general  concepts  of  the  parallel  progressions  of 
genetic  and  clinical/histopathologic  changes  in  prema¬ 
lignancy  (described  above)?  First,  these  investigators  have 
successfully  applied  high-throughput  DNA  chromosomal  ab¬ 
normality  analysis  technologies,  array  CGH  and  SNP  array 
analysis,  to  small  specimens  of  premalignant  lesion  tissue,  for¬ 
malin-fixed  and  paraffin-embedded  specimens  (CGH),  and 
frozen  samples  (SNP).  We  hope  that  these  two  reports  will 
raise  enthusiasm  for  similar  new  studies  in  these  and  other 
neoplasm  models. 

Second,  these  studies  show  that  chromosomal  abnormalities 
(mostly  deletions)  at  the  3p  chromosome  (14)  and  genome¬ 
wide  (15)  levels  commence  early  in  oral  and  BE  premalignan¬ 
cies  and  progress  with  the  increasing  severity  of  epithelial 
changes  and  that  these  chromosomal  changes  follow  a  se¬ 
quence  defining  early  and  late  molecular  changes.  Third,  these 
two  studies  have  suggested  that  the  size  of  chromosomal  de¬ 
letions  (at  3p  or  genome-wide)  increases  with  the  severity  of 
histopathologic  changes.  This  interesting  finding  has  been  re¬ 
ported  previously  in  the  pathogenesis  of  other  epithelial  tu¬ 
mors,  such  as  lung  tumors,  where  it  has  been  observed  in 
LOH  studies  using  PCR-based  amplification  of  multiple  mi¬ 
crosatellites  in  precisely  microdissected  histologically  normal 
and  premalignant  epithelia  obtained  from  lung  cancer  patients 
and  high-risk  individuals  (smokers;  refs.  24-26).  LOH  at  mul¬ 
tiple  chromosome  3p  (24,  26)  and  8p  (25)  sites  was  shown  to 
commence  at  the  stage  of  normal  epithelium  and  to  increase 
with  progressive  histologic  changes  in  the  lung  squamous  cell 
carcinoma  histology  progression  model  (similar  in  ways  to 
oral  squamous  carcinoma).  This  study  used  24  microsatellite 
markers  spanning  six  continuous  chromosome  3p  regions  in 
showing  that  deletions  in  3p  progressed  from  dysplasia  to  in¬ 
vasive  squamous  carcinoma  (Fig.  1).  In  invasive  tumors  and 
carcinoma  in  situ ,  most  of  the  3p  arm  was  deleted  and  the  ex¬ 
tent  of  the  deletions  was  greater  in  all  cases  than  that  in  cor¬ 
responding  normal  and  premalignant  foci  (24).  These  findings 
were  subsequently  expanded  in  a  LOH  analysis  (using  54  mi¬ 
crosatellite  markers  on  3p)  that  included  samples  from  a  wider 
spectrum  of  premalignancy  and  lung  cancer  specimens,  in¬ 
cluding  samples  from  smokers  and  cancers  with  different 
histologies  (nonsmall  and  small  cell).  This  detailed  allelotyp- 
ing  analysis  identified  multiple  areas  of  discontinuous  LOH 
and  thus  multiple  breakpoints  throughout  the  3p  arm  in  many 
tumor  and  bronchial  epithelial  samples  (26).  Allelic  losses  pre¬ 
sent  in  lung  premalignant  lesions  were  not  random  and  fol¬ 
lowed  a  sequence,  with  the  earliest  and  most  frequent  allelic 
loss  occurring  at  the  3p21.3  region  (24,  26). 

Although  the  two  articles  in  this  issue  of  the  journal  report 
that  discontinuous  LOH  marks  progression  of  premalignancy, 
this  LOH  also  could  be  an  artifact  of  impurity  within  the  pre¬ 
malignant  lesions.  In  samples  with  an  admixture  of  DNA  from 
malignant  and  normal  cells,  some  chromosomal  segments 
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might  seem  to  be  altered  and  others  not  altered,  although  the 
degree  of  alteration  could  be  the  same  across  the  entire  chro¬ 
mosome  arm  because  of  nonuniform  behavior  of  copy  number 
probes,  which  fail  to  reach  a  threshold  level  for  detecting  an 
alteration.  This  failure  has  been  shown  for  SNP  array  analysis 
of  mixtures  of  tumor  cell  line  DNA  with  matched  normal 
DNA;  increasing  admixture  of  normal  DNA  led  to  the  ap¬ 
pearance  of  discontinuous  LOH  because  of  incomplete  detec¬ 
tion  involving  regions  of  uninterrupted  chromosome  3p  LOH 
in  the  pure  tumor  (27).  Further  improvements  in  genomics 
technologies  coupled  with  careful  histologic  analysis  will  be 
required  to  address  this  question. 

The  mechanism  for  chromosomal  deletions  in  individual  pre- 
malignant  samples  is  not  well  established.  LOH  is  considered  to 
occur  through  the  loss  of  a  whole  chromosome  because  of  inap¬ 
propriate  chromosomal  segregation  at  mitosis  and  also  through 


genetic  alterations  that  change  chromosomal  structures  (28). 
Whole,  terminal,  and  interstitial  chromosome  physical  dele¬ 
tions  have  been  shown  to  cause  LOH  on  several  chromosomal 
arms  in  human  tumors  (29).  On  the  other  hand,  mitotic  recom¬ 
bination  and  gene  conversion  seem  to  be  additional  mechan¬ 
isms  causing  LOH  (30,  31).  Unbalanced  translocations,  which 
have  been  confirmed  by  cytogenetic  studies  in  certain  human 
tumors,  have  been  implicated  in  LOH  development  (32).  In 
summary,  six  chromosomal  aberrations  (whole  chromosome, 
terminal  and  interstitial  deletions,  mitotic  recombination,  gene 
conversion,  and  unbalanced  translocation)  are  considered  to 
be  responsible  for  LOH  in  human  carcinogenesis  (Fig.  2). 
However,  the  contribution  of  each  chromosome  alteration  to 
the  occurrence  of  LOH  has  been  examined  only  for  a  few  chro¬ 
mosomal  regions  in  few  tumor  types.  It  was  determined  re¬ 
cently  that  80%  of  LOHs  are  partial  chromosome  deletions 
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Fig.  1.  Progression  of  premalignancy  and  molecular  changes  in  Barrett's  esophageal  adenocarcinoma  [top)  and  oral  and  lung  squamous  cell  carcinomas  (SSC; 
bottom).  Chromosomal  deletions  at  genome-wide  and  the  3p  chromosome  levels  begin  early  in  esophageal  premalignancy  (or  BE)  and,  in  oral  premalignancy, 
progress  and  increase  in  size  with  increasing  histopathologic  severity  (14,  15).  Li  et  al.  (15)  showed  that  the  number  of  larger  copy  losses  (Mb)  was  significantly  higher 
in  advanced  BE  and  esophageal  adenocarcinoma  compared  with  early  BE  lesions  [top).  In  oral  premalignancy  progression,  Tsui  et  al.  (14)  showed  that  the  size 
of  3p  segmental  losses  increased  with  histologic  stage,  as  has  been  shown  previously  in  progression  to  lung  squamous  cell  carcinoma  ( bottom ;  refs.  24-26).  In  the 
lung  squamous  cell  carcinoma  model,  discontinuous  segmental  losses,  or  LOH,  at  3p  are  detected  in  normal  epithelium,  hyperplasia,  and  some  dysplasias, 
whereas  the  whole  arm  is  lost  in  invasive  and  in  situ  carcinomas  and  in  a  subset  of  dysplastic  lesions;  the  vertical  colored  bars  [bottom  right)  indicate  the  size  of 
deletions;  the  gaps,  or  retentions,  between  the  bars  indicate  discontinuous  LOH.  Histology  pictures  of  BE  progression  are  courtesy  of  Elizabeth  Montgomery,  M.D., 
and  of  oral  leukoplakia  progression  are  courtesy  of  Adel  El-Naggar,  M.D.,  Ph.D. 
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Fig.  2.  Chromosomal  alterations  considered  to  be  responsible  for  LOH  in  human  carcinogenesis.  The  whole-chromosome,  terminal,  and  interstitial  deletions  and 
unbalanced  translocation  represent  copy  number  changes.  The  red  arrows  indicate  sites  of  chromosomal  breaks. 


(involving  the  several  chromosomal  alterations  mentioned 
above),  whereas  the  remaining  20%  were  whole-chromosome 
deletions  (33);  these  results  came  from  integrating  information 
on  breakpoints  for  DNA  copy  number  changes  (obtained  by 
a  CGH)  with  numerical  and  structural  chromosomal  altera¬ 
tions  (obtained  by  spectral  karyotyping  in  lung  cancer  cell 
lines).  We  know  that  DNA  copy  number  analyses  of  tumors 
have  limitations  due  to  the  phenomenon  that  most  of  these 
alterations  in  invasive  cancers  are  large,  spanning  many 
genes  (tens  to  hundreds),  including  many  that  likely  are 
not  involved  in  oncogenesis.  Therefore,  studies  of  premalig¬ 
nant  lesions  with  known  outcomes  are  necessary  to  better 
define  chromosomal  loci  and  genes  responsible  for  tumor  de¬ 
velopment  in  humans. 

The  reports  of  Tsui  et  al.  (14)  and  Li  et  al.  (15)  on  the  tumor 
models  oral  squamous  cell  carcinoma  and  Barrett's  esophageal 
adenocarcinoma  give  new  insights  into  and  hope  for  under¬ 
standing  the  highly  complex  nature  of  the  progression  of  pre¬ 


malignancy  to  cancer.  Despite  their  different  pathogenetic 
features,  these  two  tumors  shared  some  common  genetic  pro¬ 
gression  characteristics.  The  application  of  high-throughput 
DNA  technology  in  these  models  showed  the  promise  of  this 
approach  and  the  merit  of  extending  these  methods  to  other 
premalignant  diseases.  It  also  showed  the  potential  of  CGH 
and  SNP  arrays  to  identify  new  candidate  biomarkers  and 
measures  of  clonal  diversity,  both  of  which  can  be  used  in  pa¬ 
tient  management  and  assessment  of  cancer  risk.  Is  less  more? 
High-throughput  approaches  generate  increasing  amounts  of 
data  from  smaller  and  smaller  tissue  samples,  and  chromoso¬ 
mal  deletions  appear  to  increase  progression  of  prema¬ 
lignancy.  These  examples  of  "less  is  more"  represent 
important  advances  in  our  understanding  of  the  molecular 
nature  of  carcinogenesis. 
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ABSTRACT 

The  novel  synthetic  triterpenoid  methyl-2-cya  no-3,  1  2-dioxooleana-l ,  9-dien-28-oate 
(CDDO-Me)  induces  apoptosis  of  cancer  cells,  enhances  tumor  necrosis  factor-related 
apoptosis-inducing  ligand  (TRAIL)-induced  apoptosis,  and  exhibits  potent  anticancer 
activity  in  animal  models  with  a  favorable  pharmacokinetic  profile.  Thus,  CDDO-Me 
is  being  tested  in  Phase  I  clinical  trials.  In  an  effort  to  understand  the  mechanism  by 
which  CDDO-Me  induces  apoptosis,  particularly  in  human  lung  cancer  cells,  we  previ¬ 
ously  demonstrated  that  CDDO-Me  induces  apoptosis  involving  c-Jun  N-terminal  kinase 
(JNK)-dependent  upregulation  of  death  receptor  5  (DR5)  expression.  In  the  current 
work,  we  determined  the  modulatory  effects  of  CDDO-Me  on  the  levels  of  c-FLIP,  a 
major  inhibitor  of  death  receptor-mediated  caspase-8  activation,  and  its  impact  on 
CDDO-Me-induced  apoptosis  and  enhancement  of  TRAIL-induced  apoptosis  in  human 
lung  cancer  cells.  CDDO-Me  rapidly  and  potently  decreased  c-FLIP  levels  including  both 
long  (FLI PL)  and  short  (FLIPS)  forms  of  c-FLIP  in  multiple  human  lung  cancer  cell  lines.  The 
presence  of  the  proteasome  inhibitor  MG  132,  but  not  the  JNK  inhibitor  SP600125, 
prevented  CDDO-Me-induced  c-FLIP  reduction.  Moreover,  CDDO-Me  increased  ubiqui- 
tination  of  c-FLIP.  Thus,  CDDO-Me  induces  ubiquitin/proteasome-dependent  c-FLIP 
degradation  independently  of  JNK  activation.  Importantly,  overexpression  of  c-FLIP  (e.g., 
FLIPl)  protected  cells  not  only  from  CDDO-Me-induced  apoptosis,  but  also  from  induc¬ 
tion  of  apoptosis  by  the  combination  of  CDDO-Me  and  TRAIL.  Accordingly,  silencing  of 
c-FLIP  with  c-FLIP  siRNA  sensitized  cancer  cells  to  CDDO-Me.  Collectively,  these  results 
indicate  that  c-FLIP  downregulation  contributes  to  CDDO-Me-initiated  apoptosis  and  also 
to  enhancement  of  TRAIL-induced  apoptosis  by  CDDO-Me. 


INTRODUCTION 

The  novel  synthetic  triterpenoid  methyl-2-cyano-3,  1 2-dioxooleana-l,  9-dien-28-oate 
(CDDO-Me)  has  been  documented  to  be  a  potent  inducer  of  apoptosis  in  several  types  of 
human  cancer  cell  lines,  including  lung  cancer  cells.1"5  Thus,  CDDO-Me  holds  promise 
as  a  cancer  chemopreventive  and  therapeutic  agent.  It  is  well  known  that  there  are  two 
major  apoptotic  pathways:  the  intrinsic  mitochondria-mediated  pathway  and  the  extrinsic 
death  receptor-induced  pathway,  and  cross-talk  between  these  pathways  is  mediated  by 
the  truncation  of  the  proapoptotic  protein  Bid.6  We  and  others  have  demonstrated  that 
CDDO-Me  activates  both  apoptotic  pathways.1,2,7  However,  the  detailed  molecular 
mechanisms  by  which  CDDO-Me  induces  apoptosis  have  not  been  fully  elucidated 
although  it  appears  to  be  associated  with  inhibition  of  NFkB,5,8  activation  of  c-Jun 
N-terminal  kinase  (JNK)  and  p3 8, 4,7,9,10  generation  of  reactive  oxygen  species4  and 
induction  of  death  receptor  3  (DR5).7,9  In  addition,  CDDO-Me  enhances  induction 
of  apoptosis  by  the  death  receptor  ligand  tumor  necrosis  factor  (TNF)  or  TNF-related 
apoptosis-inducing  ligand  (TRAIL).5,7,11 

The  cellular  FLICE-inhibitory  protein  (c-FLIP)  is  a  key  regulatory  protein  that 
inhibits  activation  of  the  death  receptor-mediated  extrinsic  apoptotic  pathway,12,13 
primarily  though  binding  to  Fas-associated  death  domain  (FADD)  and  caspase-8  at  the 
death-inducing  signaling  complex,  preventing  caspase-8  activation.14  c-FLIP  has  multiple 
splice  variants,  and  two  main  forms  have  been  well  characterized:  c-FLIP  short  form 
(c-FLIPs),  which  is  26  kDa  in  size  and  contains  two  death  effector  domains,  and  c-FLIP 
long  form  (c-FLIPl),  which  is  53  kDa  in  size  and  contains  an  inactive  caspase-like  domain 
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in  addition  to  the  two  death  effector  domains.12,13  It  has  been  docu¬ 
mented  that  the  levels  of  c-FLIP  including  both  FLIPl  and  FLIPS 
are  regulated  by  ubiquitin/proteasome-mediated  degradation.15'17  A 
recent  study  has  shown  that  JNK  activation  contributes  to  ubiquitin/ 
proteasome-mediated  degradation  of  FLIPl  during  TNF-induced 
apoptosis.17 

It  has  been  documented  that  elevated  c-FLIP  expression  protects 
cells  from  death  receptor-mediated  apoptosis  in  various  cell  types, 
whereas  downregulation  of  c-FLIP  by  chemicals  or  siRNA  sensitizes 
cells  to  death  receptor-mediated  apoptosis.12,13  Moreover,  overex¬ 
pression  of  c-FLIP  also  protects  cells  from  apoptosis  induced  by 
certain  cancer  therapeutic  agents  such  as  etoposide  and  cisplatin. 18-20 
A  previous  study  has  shown  that  CDDO-Me-induced  apoptosis 
and  enhancement  of  TRAIL-induced  apoptosis  in  human  leukemia 
cells  correlates  with  CDDO-Me’s  ability  to  downregulate  c-FLIP 
levels  in  human  leukemia  cells.11  However,  direct  evidence  for 
participation  of  c-FLIP  in  mediating  CDDO-Me-induced  apoptosis 
in  human  cancer  cells  has  not  been  shown.  Here  we  demonstrate 
that  CDDO-Me  facilitates  ubiquitin/proteasome-mediated  degrada¬ 
tion  of  c-FLIP  in  a  JNK-independent  manner,  which  is  associated 
with  induction  of  apoptosis  in  human  non-small  cell  lung  cancer 
(NSCLC)  cells.  The  current  study  complements  our  previous  finding 
that  CDDO-Me  induces  apoptosis  involving  DR5  induction  in 
human  NSCLC  cells.7,9 

MATERIALS  AND  METHODS 

Reagents.  CDDO-Me,  which  was  described  previously  in  reference 
21  was  dissolved  in  dimethyl  sulfoxide  (DMSO)  at  a  concentration 
of  10  mM,  and  aliquots  were  stored  at  -80°C.  Stock  solutions  were 
diluted  to  the  desired  final  concentrations  with  growth  medium  just 
before  use.  The  soluble  recombinant  human  TRAIL  was  purchased 
from  PeproTech,  Inc.  (Rocky  Hill,  NJ).  The  specific  JNK  inhibitor 
SP600125  was  purchased  from  Biomol  (Plymouth  Meeting,  PA). 
The  proteasome  inhibitor  MG  132  was  purchased  from  Sigma 
Chemical  Co.  (St.  Louis,  MO).  Rabbit  polyclonal  anti-DR5  antibody 
was  purchased  from  ProSci  Inc  (Poway,  CA).  Mouse  monoclonal 
anti-FLIP  antibody  (NF6)  was  purchased  from  Alexis  Biochemicals 
(San  Diego,  CA).  Mouse  monoclonal  anti-caspase-3  was  purchased 
from  Imgenex  (San  Diego,  CA).  Rabbit  polyclonal  anti-caspase-8, 
anti-caspase-9,  and  anti-PARP  antibodies  were  purchased  from 
Cell  Signaling  Technology,  Inc.  (Beverly,  MA).  Rabbit  polyclonal 
anti-p-actin  antibody  was  purchased  from  Sigma  Chemical  Co. 

Cell  lines  and  cell  culture.  The  human  NSCLC  cell  lines  used 
in  this  study  were  purchased  from  the  American  Type  Culture 
Collection  (Manassas,  VA).  The  stable  transfectants  A549-Lac  Z-2, 
A549-Lac  Z-9,  A549-FLIPl-2  and  A549-FLIPl-4  were  described 
previously  (ref.  22).  The  stable  transfectants  H157-FLIPl-5  and 
H157-FLIPl-21  that  express  ectopic  FLIPl  and  H157-FLIPl-16 
transfectant  that  were  infected  with  lentiviral  FLIPl  but  did  not 
express  FLIPl  were  established  (as  described  previously  Ref.  23). 
Both  HI  37-lac  Z-523  and  H157-FLIPl-16  transfectants  were  used 
as  control  cell  lines.  These  cell  lines  were  cultured  in  RPMI  1640 
containing  5%  fetal  bovine  serum  at  37° C  in  a  humidified  atmo¬ 
sphere  of  5%  C02  and  95%  air. 

Cell  survival  assay.  Cells  were  seeded  in  96-well  cell  culture 
plates  and  treated  next  day  with  the  agents  indicated.  The  viable  cell 
number  was  estimated  using  the  sulforhodamine  B  (SRB)  assay  (as 
previously  described  in  ref.  24). 


Detection  of  apoptosis.  Apoptosis  was  evaluated  by  Annexin  V 
staining  using  Annexin  V-PE  apoptosis  detection  kit  purchased  from 
BD  Biosciences  (San  Jose,  CA)  following  the  manufacturer’s  instruc¬ 
tions  or  by  measuring  sub-Gj  populations  using  flow  cytometry  (as 
described  previously  in  ref.  25).  We  also  detected  caspase  activation 
by  Western  blotting  (as  described  below)  as  an  additional  indicator 
of  apoptosis. 

Western  blot  analysis.  Whole-cell  protein  lysates  were  prepared 
and  analyzed  by  Western  blotting  (as  described  previously  in  refs. 
26  and  27). 

Immunoprecipitation  for  detection  of  ubiqutinated  c-FLIP. 

H157-FLIPl-21  cells,  which  stably  express  FLIPl,  were  transfected 
with  HA-ubiquitin  plasmid  using  the  FuGENE  6  transfection 
reagent  (Roche  Diagnostics  Corp.,  Indianapolis,  IN)  following  the 
manufactor’s  instruction.  After  24  h,  the  cells  were  treated  with 
CDDO-Me  or  MG  132  plus  CDDO-Me  for  4  h  and  then  were  lysed 
for  immunoprecipitation  of  Flag-FLIPL  using  Flag  M2  monoclonal 
antibody  (Sigma  chemicals)  (as  previously  described  in  ref.  28) 
followed  by  the  detection  of  ubiquitinated  FLIPl  with  Western  blot¬ 
ting  using  anti-HA  antibody  (Abgent;  San  Diego,  CA). 

Small  interfering  siRNAs  (siRNA) -mediated  silencing  of  c-FLIP. 
Silencing  of  c-FLIP  was  achieved  by  transfecting  non-silencing 
control  or  c-FLIP  siRNA  using  RNAifect  transfection  reagent 
(Qiagen,  Valencia,  CA)  following  the  manufacturers  instructions. 
The  control  and  c-FLIP  siRNAs  were  described  previously  in  refer¬ 
ences  27  and  29). 

RESULTS 

CDDO-Me  decreases  the  levels  of  c-FLIP  in  human  NSCLC 
cells.  To  determine  whether  CDDO-Me  modulates  the  levels  of 
c-FLIP,  we  detected  c-FLIP  alterations  in  two  representative  NSCLC 
cell  lines,  HI 57  and  A549,  which  undergo  CDDO-Me  induced 
apoptosis.1  After  exposure  to  CDDO-Me  for  different  times,  the 
levels  of  c-FLIP  including  both  FLIPl  and  FLIPS  were  decreased 
in  a  time-dependent  manner  starting  at  3  h  post  treatment  with 
CDDO-Me  in  the  both  cell  lines  (Fig.  1A).  Reduction  of  c-FLIP  was 
accompanied  with  increased  levels  of  cleaved  caspase-8  and  PARP. 
We  previously  have  shown  that  HI 57  cells  were  more  sensitive  than 
A549  cells  to  CDDO-Me-induced  apoptosis.1  Accordingly,  reduction 
of  c-FLIP  levels  were  more  pronounced  and  rapid  in  HI  57  compared 
to  A549  cells,  in  which  cleavage  of  caspase-8  and  PARP  were  detected 
at  relatively  late  time  points  (e.g.,  9  h)  post  treatment  (Fig.  1A). 
These  results  indicate  that  c-FLIP  downregulation  is  an  early  event 
before  the  onset  of  apoptosis.  In  addition  to  HI 57  and  A549  cell 
lines,  CDDO-Me  also  decreased  c-FLIP  levels  in  other  NSCLC  cell 
lines  (i.e.,  H460,  H522  and  HI 944)  in  a  concentration-dependent 
manner  accompanied  with  increased  cleavage  of  caspase-8  (Fig. 
IB),  indicating  that  CDDO-Me-induced  c-FLIP  downregulation 
commonly  occurs  in  NSCLC  cells. 

CDDO-Me  downregulates  c-FLIP  through  enhancement  of 
ubiqi tin/pro teasome-mediated  degradation.  To  get  insight  into 
the  mechanism  underlying  CDDO-Me-induced  c-FLIP  down- 
regulation,  we  determined  whether  CDDO-Me  facilitated  c-FLIP 
degradation  through  a  ubiquitin/proteasome-mediated  mechanism 
because  c-FLIP  proteins  are  known  to  be  regulated  by  ubiquitin/ 
proteasome-mediated  degradation.15-17  To  this  end,  we  found  that 
CDDO-Me-induced  downregulation  of  c-FLIP  was  abolished  by  the 


www.landesbioscience.com 


Cancer  Biology  &  Therapy 


1615 


c-FLIP  Degradation  in  CDDO-Me-Induced  Apoptosis 


Figure  1 .  CDDO-Me  down  regulates  c-FLIP  levels  in  time-  (A)  and  dose- 
(B)  dependent  manners  in  human  NSCLC  cells.  The  indicated  cell  lines  were 
treated  with  1  | iM  CDDO-Me  for  the  times  as  indicated  (A)  or  with  the  given 
doses  of  CDDO-Me  for  8  h  (B).  The  cells  were  then  harvested  for  preparation 
of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis. 
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presence  of  the  proteasome  inhibitor  MG  132  (Fig.  2A),  suggesting 
that  CDDO-Me-induced  c-FLIP  reduction  is  indeed  proteasome- 
dependent.  By  immunoprecipitation/Western  blotting,  we  detected 
the  highest  levels  of  ubiqutinated  FLIPl  in  cells  treated  with 
CDDO-Me  plus  MG  132  compared  to  cells  exposed  to  CDDO-Me 
alone  or  MG  132  alone  (Fig.  2B),  indicating  that  DMC  increases 
c-FLIP  ubiquitination.  Taken  together,  we  conclude  that  CDDO-Me 
facilitates  ubiqitin/proteasome-mediated  c-FLIP  degradation,  leading 
to  downregulation  of  c-FLIP  in  human  NSCLC  cells. 

CDDO-Me  downreglates  c-FLIP  levels  independently  of  JNK 
activation.  Recently,  JNK  has  been  demonstrated  to  be  responsible 
for  tumor  necrosis  factor-induced,  ubiqutin/proteasome-mediated 
FLIPl  degradation.17  Our  previous  study  has  shows  that  CDDO-Me 
activates  JNK,  which  contributes  for  CDDO-Me-induced  DR5 
expression  and  apoptosis  in  human  NSCLC  cells.7  Thus,  we  next 
asked  whether  JNK  activation  is  responsible  for  c-FLIP  down- 
regulation  by  CDDO-Me.  To  this  end,  we  examined  the  effects  of 
CDDO-Me  on  c-FLIP  reduction  in  the  presence  of  the  JNK-specific 
inhibitor  SP60012530  in  HI 37  cells.  SP600125  at  the  concentrations 
of  5-30  |lM,  as  expected,  inhibited  CDDO-Me-induced  increase  of 
p-c-Jun  in  a  dose-dependent  fashion.  Accordingly,  CDDO-induced 
DR5  up  regulation  and  PARP  cleavage  were  inhibited  in  the  pres¬ 
ence  of  SP600125  (Fig.  3),  thus  confirming  our  previous  finding 
that  CDDO-Me  induces  JNK-dependent  DR5  expression  in  human 
NSCLC  cells.7  However,  under  such  a  condition,  SP600125  failed 
to  prevent  FLIPl  from  downregulation  by  CDDO-Me  (Fig.  3),  indi¬ 
cating  that  CDDO-Me  induces  JNK-independent  downregulation 
of  degradation  of  c-FLIP  in  human  NSCLC  cells. 

c-FLIP  downregulation  contributes  to  CDDO-Me-induced 
apoptosis.  Given  that  CDDO-Me  induces  apoptosis  of  human 
NSCLC  cells  involving  DR3  upregulation,7  we  speculated  that 
c-FLIP  downregulation  would  further  sensitize  NSCLC  cells  to 


Figure  2.  The  proteasome  inhibitor  MG132  prevents  CDDO-Me-induced 
c-FLIP  downregulation  (A)  and  detection  of  CDDO-Me-induced  increase 
of  ubiquitinated  c-FLIP  (B).  (A)  The  given  cell  lines  were  pretreated  with 
20  juM  MG132  for  30  minutes  and  then  co-treated  with  1  pM  CDDO-Me 
for  another  4  h.  The  cells  were  then  harvested  for  preparation  of  whole-cell 
protein  lysates  and  subsequent  Western  blot  analysis.  B,  HI 57-FUPL-21  cells 
which  stably  express  ectopic  flag-FLIPL  were  transfected  with  HA-ubiquitin 
plasmid  using  FuGENE  6  transfection  reagent  for  24  h.  The  cells  were  then 
pretreated  with  20  pM  MG132  for  30  minutes  and  then  co-treated  with 
1  pM  CDDO-Me  for  4  h.  Whole-cell  protein  lysates  were  then  prepared  for 
immunoprecipitation  using  anti-Flag  antibody  followed  by  Western  blotting 
(WB)  using  anti-HA  antibody  for  detection  of  ubiquitinated  FUPL  (Ub-FLIPJ 
and  anti-Flag  antibody  for  detection  of  ectopic  FLIPl. 


Figure  3.  Effects  of  the  JNK  inhibitor  SP600215  on  CDDO-Me-induced  c-Jun 
phosphorylation,  c-FLIP  downregulation,  DR5  induction  and  PARP  cleavage. 
HI 57  cells  were  pretreated  with  in  increased  concentrations  of  SP600125 
(5,  10,  20  and  30  | iM)  for  30  min  and  then  co-treated  with  0.5  | iM 
CDDO-Me.  After  another  8  h,  the  cells  were  subjected  to  preparation  of 
whole-cell  protein  lysates  for  detection  of  the  indicated  proteins  by  Western 
blot  analysis. 
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Figure  4.  Enforced  expression  of  ectopic  FLIPl  (A)  confers 
resistance  to  CDDO-Me-induced  decrease  in  cell  survival 
(B)  and  apoptosis  (C)  in  HI 57  cells.  The  indicated  HI 57 
transfectants  that  express  or  do  not  express  ectopic  FLIPl 
(A)  were  treated  with  0.5  |lM  CDDO-Me  for  24  h.  The  cell 
survival  was  evaluated  by  the  SRB  assay  (B)  and  apoptosis 
was  measured  by  Annexin  V  staining  (C).  Data  in  (B)  are 
means  of  four  replicate  determinations.  Bars,  ±  SDs.  In  the 
Annexin  V  assay,  the  percent  positive  cells  in  the  upper  right 
and  lower  right  quadrants  were  added  to  yield  the  total  of 
apoptotic  cells. 

undergo  extrinsic  death  receptor-mediated  apoptosis 
and  hence  contribute  to  CDDO-Me-induced  apop¬ 
tosis.  To  test  this  hypothesis,  we  used  a  lentiviral 
expression  system  to  enforce  c-FLIP  overexpression 
(e.g.,  FLIPl)  in  NSCLC  cells  and  then  analyzed  its 
impact  on  CDDO-Me’s  ability  to  induce  apoptosis. 
Taking  advantage  of  a  lentiviral  expression  system  that 
achieves  stable  gene  expression,  we  established  HI 57 
cells  lines  that  stably  expressed  high  levels  of  ectopic 
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Figure  5.  Enforced  expression  of  ectopic  FUPL  confers  resistance  to  CDDO-Me-induced  decrease  in  cell 
survival  (A)  and  apoptosis  (B  and  C)  in  A549  cells.  The  indicated  A549  transfectants  that  express  or  do 
not  express  ectopic  FLIPl  (C)  were  treated  with  0.5  pM  CDDO-Me  for  24  h.  Cell  survival  was  evaluated 
by  the  SRB  assay  (A)  and  apoptosis  was  measured  by  flow  cytometry  for  sub-G1  cells  (B)  and  by  Western 
blotting  for  cleavage  of  caspase-8  and  PARP  (C).  Data  in  A  are  means  of  four  replicate  determinations. 
Bars,  ±  SDs.  CF,  cleaved  form. 


FLIPl  (i.e., 

or  did  not  express  FLIPl  (i.e.,  HI  57-Lac  Z-5 
H157-FLIPl-16)  (Fig.  4A).  We  used  HI  57-Lac 
Z-5  which  expressed  irrelevant  Lac  Z  protein  and 
H157-FLIPl-16  which  did  not  express  FLIPl  albeit 
being  infected  with  lentiviral  FLIPl 
as  control  cell  lines.  By  measuring  cell 
survival,  we  found  that  CDDO-Me  effec¬ 
tively  decreased  the  survival  of  HI  57-Lac 
Z-5  and  H157-FLIPl-16  cells;  this  effect 
was  strikingly  attenuated  in  H157-FLIPl-5 
and  H157-FLIPl-21  cells  (Fig.  4B),  indi¬ 
cating  that  enforced  overexpression  of 
ectopic  FLIPl  confers  cell  resistance  to 
CDDO-Me.  By  directly  measuring  apop¬ 
tosis  using  Annexin  V  staining,  we  detected 
less  apoptotic  cells  in  H157-FLIPl-5  (22%) 
and  H157-FLIPl-21  (23%)  cell  lines 
compared  to  HI  57-Lac  Z-5  (35%)  and 
H157-FLIPl-16  (80%)  control  cell  lines 
when  exposed  to  CDDO-Me,  indicating 
that  enforced  overexpression  of  ectopic 
FLIPl  attenuates  CDDO-Me’s  ability  to 
induce  apoptosis. 

Moreover,  we  also  compared  the  effects 
of  CDDO-Me  on  decreasing  cell  survival 
and  inducing  apoptosis  in  A549  cell  lines 
that  stably  express  ectopic  FLIPl  (i.e., 
A549-FLIPl-2  and  A549-FLIPl-4)  and 
control  Lac  Z  (i.e.,  A549-Lac  Z-2  and 
A549-Lac  Z-9),  respectively  (Fig.  5C). 
As  shown  in  Figure  5A,  CDDO-Me  was 
less  effective  in  decreasing  cell  survival 
in  A549-FLIPl-2  and  A549-FLIPl-4  cell 
lines  (by  approximately  less  than  50% 
on  average)  than  in  A549-Lac  Z-2  and 
A549-Lac  Z-9  cell  lines  (by  approxi¬ 
mately  70%  on  average).  In  agreement,  we 
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Figure  6.  siRNA-mediated  reduction  of  endogenous  levels  of  c-FLIP  sensitizes  cancer  cells  to 
CDDO-Me-induced  apoptosis.  HI  944  cells  plated  in  a  24-well  plate  (A)  or  a  96-well  (B)  plate 
were  transfected  with  control  or  c-FLIP  siRNA.  Twenty-four  hour  later,  the  cells  were  exposed  to 
the  indicated  concentration  of  CDDO-Me.  After  12  h,  the  cells  were  subjected  to  preparation 
of  whole-cell  protein  lysates  and  subsequent  detection  of  the  indicated  proteins  using  Western 
blot  analysis  (A)  or  to  estimation  of  cell  survival  by  SRB  assay  (B).  Data  in  B  are  means  of  four 
replicate  determinations.  Bars,  ±  SDs.  CF,  cleaved  form. 
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Figure  7.  Enforced  expression  of  ectopic  FUPL  decreases  cell  sensitivity  to  CDDO-Me/TRAIL  combina¬ 
tion-induced  decrease  in  cell  survival  (A)  and  apoptosis  (B  and  C).  The  indicated  A549  transfectants 
that  express  or  do  not  express  ectopic  FLIPl  were  treated  with  the  combinations  of  the  given  doses  of 
CDDO-Me  and  TRAIL  (A)  or  the  combination  of  0.25  pM  CDDO-Me  and  25  ng/ml  TRAIL)  (B  and  C)  for 
24  h.  Cell  survival  was  evaluated  by  the  SRB  assay  (A)  and  apoptosis  was  measured  by  Western  blotting 
for  cleavage  of  the  given  caspases  and  PARP  (B)  and  by  Annexin  V  staining  for  Annexin  V  positive  cells 
(C)  and.  Data  in  (A)  are  means  of  four  replicate  determinations.  Bars,  ±  SDs.  In  the  Annexin  V  assay, 
the  percent  positive  cells  in  the  upper  right  and  lower  right  quadrants  were  added  to  yield  the  total  of 
apoptotic  cells.  CF,  cleaved  form;  Me/T,  CDDO-Me  plus  TRAIL. 


2  (24%) 

(33%)  cells  than  in  A549-Lac 
Z-2  (54%)  and  A549-Lac  Z-9  (51%)  cells  (Fig. 
5B).  Correspondingly,  the  cleavage  of  caspase-8 
and  PARP  was  substantially  inhibited  in  A549  cell 
lines  expressing  ectopic  FLIPl  compared  to  the  Lac 
Z-transfected  control  cell  lines,  evidenced  by  no 
reduction  of  uncleaved  forms  of  caspase-8  and  PARP 
and  less  amounts  of  cleaved  caspase-8  and  PARP 
(Fig.  5C).  Thus  these  results  further  show  that  over¬ 
expression  of  ectopic  FLIPl  confers  cell  resistance  to 
CDDO-Me-induced  apoptosis. 

To  complement  our  above  findings,  we  further 
silenced  the  expression  of  endogenous  c-FLIP 
and  then  examined  its  impact  on  cell  sensitivity 
to  CDDO-Me.  Here  we  chose  the  HI 944  cell 
line  because  it  has  high  levels  of  c-FLIP,  which 
were  only  weakly  reduced  by  CDDO-Me  (Fig. 
IB).  As  presented  in  Figure  6,  transfection  of 
c-FLIP  siRNA  substantially  reduced  the  levels  of 
both  FLIPl  and  FLIPS  compared  to  transfection 
of  control  siRNA.  Transfection  of  c-FLIP  siRNA 
alone  increased  cleavage  of  caspase-3 
and  PARP  (Fig.  6A)  and  decreased  cell 
survival  (by  approximately  40%)  (Fig. 
6B).  CDDO-Me  treatment  induced  more 
cleavage  of  caspase-8,  caspase-3  and  PARP, 
as  evidenced  by  reduced  levels  of  pro-forms 
of  the  proteins  and  increased  levels  of 
cleaved  forms  (Fig.  6A)  and  more  cell  death 
(Fig.  6B)  in  c-FLIP  siRNA-transfected  cells 
than  in  control  siRNA-transfected  cells, 
indicating  that  downregulation  of  endog¬ 
enous  c-FLIP  levels  sensitizes  cancer  cells  to 
CDDO-Me-induced  apoptotic  cell  death. 
Taken  together,  we  conclude  that  down- 
regulation  of  c-FLIP  plays  a  critical  role  in 
CDDO-Me-induced  apoptosis  in  human 
NSCLC  cells. 

Downregulation  of  c-FLIP  contributes 
to  cooperative  induction  of  apoptosis  by 
CDDO-Me  and  TRAIL  combination. 

Our  previous  work  has  demonstrated  that 
CDDO-Me  cooperates  with  TRAIL  to 
augment  induction  of  apoptosis  in  human 
NSCLC  cells.7  Given  that  c-FLIP  is  a 
key  negative  regulator  of  the  TRAIL/ 
death  receptor-mediated  apoptosis,  it  was 
plausible  to  hypothesize  that  c-FLIP  down- 
regulation  might  contribute  to  augmented 
induction  of  apoptosis  by  the  combina¬ 
tion  of  CDDO-Me  and  TRAIL.  To  test 
this  speculation,  we  compared  induc¬ 
tion  of  apoptosis  by  the  combination  of 
CDDO-Me  and  TRAIL  in  A549  trasnfec- 
tants  aforementioned  that  express  or  do  not 
express  ectopic  FLIPl.  The  combinations 
of  CDDO-Me  and  TRAIL  at  the  tested  low 
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doses  were  more  effective  in  decreasing  cell  survival  in  A549-Lac  Z-2 
and  A549-Lac  Z-9  cells  than  in  A549-FLIPl-2  and  A549-FLIPl-4 
(Fig.  7A).  This  combination  potently  caused  cleavage  of  caspase-8, 
caspase-9,  caspase-3  and  PARP  evidenced  in  both  A549-Lac  Z-2  and 
A549-Lac  Z-9  cell  lines  as  the  pro-forms  of  the  proteins  were  strik¬ 
ingly  decreased  and  strong  cleaved  bands  were  detected  by  Western 
blot  analysis;  these  effects  were  drastically  attenuated  in  A549-FLIPl-2 
and  A549-FLIPl-4  cells  (Fig.  7B).  Accordingly  the  combination  of 
CDDO-Me  and  TRAIL  induced  more  apoptotic  cells  (i.e.,  annexin 
V  positive  cells)  in  A549-Lac  Z-2  (67%)  and  A549-Lac  Z-9  (33%) 
cells  than  in  A549-FLIPl-2  (37%)  and  A549-FLIPl-4  (10%)  cells 
(Fig.  7 C).  Collectively  these  results  show  that  enforced  expression 
of  ectopic  FLIPl  protects  cells  from  CDDO-Me/TRAIL-induced 
apoptosis,  indicating  that  c-FLIP  downregulation  is  also  involved  in 
mediating  the  cooperative  induction  of  apoptosis  by  the  combination 
of  CDDO-Me  and  TRAIL. 

DISCUSSION 

We  previously  have  shown  that  CDDO-Me  induces  DR5  upregu- 
lation,  which  contributes  to  CDDO-Me  induced  apoptosis  and 
enhancement  ofTRAIL-induced  apoptosis  in  human  NSCLC  cells.7,9 
In  the  present  study  we  further  show  that,  in  addition  to  DR5  induc¬ 
tion,  CDDO-Me  rapidly  and  potently  downregulates  c-FLIP  levels 
in  the  multiple  tested  human  NSCLC  cell  lines.  Downregulation  of 
c-FLIP  appears  to  participate  in  CDDO-Me-induced  apoptosis  and 
enhancement  ofTRAIL-induced  apoptosis  because  enforced  expres¬ 
sion  of  ectopic  c-FLIP  (i.e.,  FLIPl)  protected  human  NSCLC  cells 
from  apoptosis  induced  by  either  CDDO-Me  alone  or  by  the  combi¬ 
nation  of  CDDO-Me  and  TRAIL,  whereas  reduction  of  endogenous 
levels  of  c-FLIP  sensitizes  cancer  cells  to  CDDO-Me-induced 
apoptosis.  Given  the  critical  role  of  c-FLIP  in  negatively  regulating 
the  extrinsic  apoptotic  pathway,  the  current  results  complement 
our  previous  findings7  to  further  indicate  that  CDDO-Me  induces 
apoptosis  involving  activation  of  the  extrinsic  apoptotic  pathway.  It  is 
possible  that  CDDO-Me  induces  DR5  expression,  resulting  in  trig¬ 
gering  of  apoptosis,  whereas  downregulation  of  c-FLIP  lowers  the  cell 
threshold  to  undergo  extrinsic  pathway-mediated  apoptosis,  ampli¬ 
fying  CDDO-Me-induced  apoptosis.  To  the  best  of  our  knowledge, 
this  is  the  first  direct  evidence  for  the  involvement  of  c-FLIP  down- 
regulation  in  CDDO-Me-induced  apoptosis  in  human  cancer  cells. 
We  also  believe  that  DR5  induction  and  c-FLIP  downregulation  are 
two  key  events  responsible  for  CDDO-Me-mediated  enhancement 
of  TRAIL-induce  apoptosis  in  human  NSCLC  cells. 

It  is  known  that  c-FLIP  is  subjected  to  ubquitin/proteasome- 
dependent  degradation.15'17  In  this  study,  the  presence  of  protea- 
some  inhibitor  MG  132  prevented  c-FLIP  (both  FLIPl  and  FLIPS) 
from  CDDO-Me-induced  downregulation.  Moreover,  increased 
levels  of  ubiquitinated  c-FLIP  (i.e.,  FLIPfy  were  detected  in 
cells  co-treated  with  MG  132  and  CDDO-Me  by  immunoprecip- 
itation- Western  blotting  (Fig.  2).  Thus,  these  results  collectively 
indicate  that  CDDO-Me  decreases  c-FLIP  levels  through  facilitating 
ubiqui tin/pro teasome-dependent  degradation  of  c-FLIP.  This  is  in 
agreement  with  the  finding  that  the  CDDO-Me’s  analogue  CDDO 
induces  ubiqui tin/proteasome-mediated  degradation  of  c-FLIP  in 
other  cancer  cell  lines.15 

A  recent  study  has  shown  that  JNK  activation  is  involved 
in  regulating  ubiquitin/proteasome-dependent  degradation  of 
FLIPl.17  In  our  study,  we  found  that  the  JNK  inhibitor  SP600125  at 


concentrations  (5-30  |lM)  that  inhibited  JNK  activation  (e.g.,  c-Jun 
phosphorylation)  did  not  prevent  FLIPl  from  CDDO-Me-induced 
downregulation.  Under  the  same  condition,  CDDO-Me-induced 
DR5  expression  and  PARP  cleavage  were  indeed  inhibited  (Fig.  3), 
confirming  our  previous  demonstration  that  CDDO-Me  induces 
apoptosis  involving  JNK-dependent  DR5  upregulation  in  human 
NSCLC  cells.7,9  Thus,  we  conclude  that  CDDO-Me  induces  ubiq- 
uitin/proteasome-mediated  degradation  of  c-FLIP  independently  of 
JNK  activation.  Since  c-FLIP  downregulation  also  contributes  to 
CDDO-Me-induced  apoptosis,  we  believe  that  CDDO-Me  induces 
apoptosis  though  both  JNK-dependent  (e.g.,  DR5  upregulation)  and 
-independent  (e.g.,  c-FLIP  degradation)  mechanisms. 

In  summary,  the  present  study  has  demonstrated  that  CDDO-Me 
downregulates  c-FLIP  levels  in  human  NSCLC  cells  though 
JNK-independent  ubiquitin/proteasome-mediated  degradation 
of  c-FLIP.  Importantly,  c-FLIP  downregulation  contributes  to 
CDDO-Me-induced  apoptosis  and  enhancement  ofTRAIL-induced 
apoptosis.  Thus,  the  current  finding  together  with  our  previous 
finding  on  the  involvement  of  JNK-dependent  DR5  induction  in 
CDDO-Me-induced  apoptosis  provide  compelling  evidence  for  the 
involvement  of  the  activation  of  the  extrinsic  apoptotic  pathway  in 
CDDO-Me-induced  apoptosis  in  human  NSCLC  cells. 
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ABSTRACT 

Peroxisome  proliferator-activated  receptor  y  (PPARy)  ligands  are  potential  chemo- 
preventive  agents.  Many  studies  have  shown  that  PPARy  ligands  induce  apoptosis  in 
various  types  of  cancer  cells  including  lung  cancer  cells.  Some  PPARy  ligands  have  been 
shown  to  downregulate  c-FLIP  expression  and  thus  enhance  tumor  necrosis  factor-related 
apoptosis-inducing  ligand  (TRAIL)-induced  apoptosis  in  some  cancer  cell  lines.  In  the 
current  study,  we  further  show  that  PPARy  ligands  induced  the  expression  of  death 
receptor  5  (DR5)  and  increased  DR 5  distribution  at  the  cell  surface  in  addition  to  reducing 
c-FLIP  levels  in  human  lung  cancer  cells.  These  agents  cooperated  with  TRAIL  to  enhance 
induction  of  apoptosis  in  human  lung  cancer  cells.  Both  overexpression  of  c-FLIP  and 
knockdown  of  DR5  abrogated  PPARy  ligand's  ability  to  enhance  TRAIL-induced  apoptosis. 
Thus,  it  appears  that  not  only  c-FLIP  downregulation  but  also  DR5  upregulation  contribute 
to  PPARy  ligand-mediated  enhancement  of  TRAIL-induced  apoptosis  in  human  lung  cancer 
cells.  Both  the  PPARy  antagonist  GW9662  and  silencing  PPARy  expression  failed  to 
diminish  PPARy  ligand-induced  DR5  upregulation  or  c-FLIP  downregulation,  indicating  that 
PPARy  ligands  modulate  the  expression  of  DR5  and  c-FLIP  through  a  PPARy-independent 
mechanism.  Collectively,  we  conclude  that  PPARy  ligands  exert  PPARy-independent  effects 
on  inducing  DR5  expression  and  downregulating  c-FLIP  levels,  leading  to  enhancement 
of  TRAIL-induced  apoptosis. 


INTRODUCTION 

Tumor  necrosis  factor-related  apoptosis-inducing  (TRAIL)  is  a  soluble  protein  that 
induces  apoptosis  upon  binding  to  death  receptor  4  (DR4,  also  named  TRAIL-R1)  or 
death  receptor  5  (DR5,  also  named  TRAIL- R2,  TRICK2,  or  Killer/DR5).  TRAIL  pref¬ 
erentially  induces  apoptosis  in  transformed  or  malignant  cells,  demonstrating  potential 
as  a  tumor-selective  apoptosis-inducing  cytokine  for  cancer  treatment.1,2  Importantly, 
many  small  molecules  including  traditional  chemotherapeutic  agents  are  able  to  augment 
TRAIL-induced  apoptosis  in  multiple  types  of  cancer  cells  including  lung  cancer  cells. 
Thus,  TRAIL  shows  a  strong  potential  as  a  cancer  therapeutic  agent  and  is  being  tested 
in  phase  I  clinical  trials. 

There  are  several  key  components  that  modulate  TRAIL-induced  apoptosis.  One 
such  component  is  death  receptor  5,  which  is  one  of  the  apoptotic  death  receptors  that 
compose  of  a  cysteine-rich  extracellular  domain  and  cytoplasmic  death  domain.3  DR5 
locates  at  the  cell  surface,  becomes  activated  or  oligomerized  (trimerized)  upon  binding  to 
its  ligand  TRAIL,  and  then  signals  apoptosis  through  caspase-8-mediated  rapid  activation 
of  caspase  cascades.3,4  Another  important  protein  involved  in  TRAIL  signaling  is  cellular 
FLICE-inhibitory  protein  (c-FLIP;  also  called  Casper/I-FLICE/FLAME-l/CASH/ 
CLARP/MRIT),  which  is  the  major  negative  regulator  of  TRAIL/ death  receptor-induced 
apoptosis.5,6  c-FLIP  binds  to  Fas-associated  death  domain  (FADD)  and  caspase-8  at  the 
death-inducing  signaling  complex  (DISC),  and  thereby  inhibits  death  receptor-mediated 
apoptosis.7  c-FLIP  has  multiple  splice  variants,  and  two  main  forms  have  been  well 
characterized:  c-FLIP  short  form  (c-FLIPs)  and  c-FLIP  long  form  (c-FLIPl).5,6  It  has 
been  well  documented  that  elevated  c-FLIP  expression  protects  cells  from  death  receptor- 
mediated  apoptosis  in  various  cell  types,  whereas  downregulation  of  c-FLIP  by  chemicals 
or  siRNA  sensitizes  cells  to  death  receptor-mediated  apoptosis.5,6  Both  DR5  and  c-FLIP 
are  subjected  to  modulation  by  certain  cancer  therapeutic  agents.  Generally  speaking, 
agents  that  either  up  regulate  DR5  expression  and/or  downregulates  c-FLIP  levels  often 
exhibit  activity  in  enhancing  TRAIL  induced  apoptosis.8 
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Peroxisome  proliferator-activated  receptor  y  (PPARy)  ligands  are 
potential  cancer  chemopreventive  and  therapeutic  agents.9,10  Many 
preclinical  studies  have  shown  that  PPARy  ligands  induces  growth 
arrest  and  apoptosis  in  various  types  of  cancer  cells  including  lung 
cancer  cells  in  vitro  and  inhibit  tumor  growth  and  carcinogenesis 
in  animal  models.9,11,12  Moreover,  these  agents  can  be  combined 
with  other  agents  to  exhibit  enhanced  anticancer  activity.13,14  Some 
PPARy  ligands  have  been  shown  to  downregulate  c-FLIP  expression 
and  thus  enhance  TRAIL-induced  apoptosis  in  certain  types  of  cancer 
cell  lines.15,16  In  contrast  to  c-FLIP,  the  studies  on  the  modulation  of 
PPARy  ligands  on  DR5  expression  have  generated  conflicting  results. 
The  PPARy  agonists  15-deoxy-A12,14-prostaglandin  J2  (15d-PGJ2) 
and  troglitazone,  but  not  pioglitazone  and  rosiglitazone,  were  shown 
to  induce  DR5  expression.16,17  However,  15d-PGJ2  was  not  shown 
to  have  such  an  effect  in  a  different  study.15  Moreover,  it  is  not 
clear  whether  DR5  upregulation  is  involved  in  enhancement  of 
TRAIL-induced  apoptosis  by  PPARy  ligands. 

In  the  current  study,  we  investigated  the  modulatory  effects  of 
synthetic  PPARy  ligands  on  the  TRAIL/ death  receptor-mediated 
apoptotic  pathway  in  human  lung  cancer  cells.  In  addition  to  down- 
regulation  of  c-FLIP,  we,  for  the  first  time,  demonstrate  that  PPARy 
ligands  also  induce  DR5  expression  in  various  lung  cancer  cell  lines. 
Like  c-FLIP  downregulation,  DR5  upregulation  also  contributes  to 
enhancement  of  TRAIL-induced  apoptosis  by  PPARy  ligands. 

MATERIALS  AND  METHODS 

Reagents.  Troglitazone,  pioglitazone  and  rosiglitazone  were 
purchased  from  LKT  Laboratories  Inc  (St.  Paul,  MN).  Cigolitazone 
and  GW1929  were  purchased  fromTocris  (Ellisville,  MO).  WY14363 
was  purchased  from  Biomol  (Plymouth  Meeting,  PA).  CDDO  was 
provided  by  Dr.  M.  B.  Sporn  (Dartmouth  Medical  School,  Hanover, 
NH).  These  agents  were  dissolved  in  dimethyl  sulfoxide  (DMSO)  at 
a  concentration  of  10  mM  or  100  mM,  and  aliquots  were  stored  at 
-80 °C.  Stock  solutions  were  diluted  to  the  desired  final  concentra¬ 
tions  with  growth  medium  just  before  use.  Soluble  recombinant 
human  TRAIL  was  purchased  from  PeproTech  Inc  (Rocky  Hill,  NJ). 
Rabbit  polyclonal  anti-DR5  antibody  was  purchased  from  ProSci 
Inc  (Poway,  CA).  Mouse  monoclonal  anti-caspase-3  was  purchased 
from  Imgenex  (San  Diego,  CA).  Rabbit  polyclonal  anti-caspase-9, 
anti-caspase-8,  and  anti-PARP  antibodies  were  purchased  from 
Cell  Signaling  Technology,  Inc.  (Beverly,  MA).  Mouse  monoclonal 
anti-FLIP  antibody  (NF6)  was  purchased  from  Alexis  Biochemicals 
(San  Diego,  CA).  Rabbit  polyclonal  anti-p-actin  antibody  was 
purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 

Cell  lines  and  cell  cultures.  All  lung  cancer  cell  lines  used  in  this 
study  were  purchased  from  the  American  Type  Culture  Collection 
(Manassas,  VA).  These  cell  lines  were  grown  in  monolayer  culture 
in  RPMI  1640  medium  supplemented  with  glutamine  and  3%  fetal 
bovine  serum  (FBS)  at  37° C  in  a  humidified  atmosphere  consisting 
of  5%  C02  and  95%  air. 

Establishment  of  stable  cell  lines  that  overexpress  c-FLIPl  or 
c-FLIPs.  c-FLIPl  and  c-FLIPs  coding  regions  were  amplified  by  PCR 
using  plasmids  containing  full  length  cDNAs  of  FLIPl  and  FLIPS, 
respectively,  which  were  provided  by  Dr.  J.  Tschopp  (University 
of  Lausanne,  Switzerland).7  The  amplified  fragments  were  then 
ligated  into  the  pT-easy  vector  (Promega,  Madison  WI)  following  the 
manufacturer’s  protocol  as  pT-easy-FLIPL  and  pT-easy-FLIPs,  respectively, 
using  the  primers:  c-FLIPl  sense,  5 -GACTAGTGCCGCCACCAT- 
GGATTACAAAG ACGAT GACG-3 ' ,  and  FLIPl  antisense,  5'-CGG- 


GCCCTTATGTGTAGGAGAGGATAAGTTTC-3'.  c-FLIPs  sense, 
5'-GACTAGTGCCGCCACCATGTCTGCTGAAGTCATCCAT 
CAGG-3'  and  c-FLIPs  antisense,  5'-CGGGCCCTCACATGG 
AACAATTTCCAAG  -3'.  Both  pLenti-DcRl  (a  lentiviral  vector 
harboring  the  DcRl  gene,  which  was  constructed  using  the  pLenti6/ 
V5  Directional  TOPO  Cloning  kit  purchased  from  Invitrogen) 
and  pT-easy-FLIPL  or  pT-easy-FLIPs  were  cut  with  Spe I  and  Apal 
restriction  enzymes.  The  released  fragment  containing  c-FLIPl  or 
c-FLIPs  gene  was  then  cloned  into  the  digested  pLenti6/V5  vector 
and  the  resultant  constructs  were  named  pLenti-Flag-FLIPL  and 
pLenti-FLIPs,  respectively.  In  this  study,  we  used  pLenti-Lac  Z  as  a 
vector  control,  which  was  included  in  the  pLenti6/V5  Directional 
TOPO  Cloning  kit.  Lentiviral  production  and  titer  determination 
were  done  following  the  manufacturer’s  instruction.  To  establish 
stable  cell  lines,  A549  cells  were  infected  with  the  lentiviruses  at  ten 
of  multiplicity  of  infection  (MOI)  with  10  JIg/mL  polybrene.  After 
a  two-week  selection  using  50  JIg/mL  blasticidin  post  infection,  the 
survival  clones  were  picked  up  and  screened  for  c-FLIP  expression  by 
Western  blotting  using  c-FLIP  antibody.  The  clones  with  the  highest 
levels  of  c-FLIP  expression  were  used  in  the  experiment. 

Cell  survival  assay.  Cells  were  seeded  in  96-well  cell  culture  plates 
and  treated  on  the  second  day  with  the  indicated  agents.  At  the  end 
of  treatment,  cell  number  was  estimated  by  the  sulforhodamine  B 
(SRB)  assay  as  previously  described.18  The  cell  survival  was  presented 
as  percentage  of  control  as  calculated  by  using  the  equation:  At/Ac  x 
100,  where  At  and  Ac  represent  the  absorbance  in  treated  and  control 
cultures,  respectively. 

Western  blot  analysis.  The  procedures  for  preparation  of  whole-cell 
protein  lysates  and  Western  blot  analysis  were  the  same  as  described 
previously.19,20 

Detection  of  cell  surface  DR5.  In  this  study,  cell  surface  DR5 
expression  was  analyzed  using  flow  cytometry.  The  procedure  for 
direct  antibody  staining  and  subsequent  flow  cytometric  analysis 
of  cell  surface  protein  was  described  previously.21  The  mean  fluo¬ 
rescence  intensity  (MFI)  that  represents  antigenic  density  on  a  per 
cell  basis  was  used  to  represent  DR5  expression  level.  Phycoerythrin 
(PE) -conjugated  mouse  anti-human  DR5  monoclonal  antibody 
(DJR2-4)  and  PE  mouse  IgGl  isotype  control  (MOPC-21/P3)  were 
purchased  from  eBioscience  (San  Diego,  CA). 

Detection  of  caspase  activation  and  apoptosis.  Caspase  activation 
and  their  substrate  cleavage  were  detected  by  Western  blot  analysis 
as  described  above.  Apoptosis  was  detected  by  estimating  sub-G1 
population  as  described  previously.22  In  addition,  the  amounts  of 
cytoplasmic  histone-associated  DNA  fragments  (mononucleosome 
and  oligonucleosomes)  formed  during  apoptosis  were  also  measured 
using  a  Cell  Death  Detection  ELISAplus  kit  (Roche  Molecular 
Biochemicals,  Indianapolis,  IN)  according  to  the  manufacturer’s 
instructions. 

Silencing  of  DR5  expression  using  small  interfering  RNA 
(siRNA).  High  purity  control  (nonsilencing)  and  DR5  siRNA  oligos 
were  described  previously20  and  synthesized  from  Qiagen  (Valencia, 
CA).  The  transfection  of  siRNA  was  conducted  in  a  24-well  plate 
(1  |Ig/well)  using  RNAiFect™  transfect  reagent  purchased  from 
Qiagen  following  the  manufacturer’s  instruction.  Forty-eight  hours 
after  the  transfection,  cells  were  treated  with  a  PPARy  ligand  alone, 
TRAIL  alone  and  their  combination.  Gene  silencing  effect  was 
evaluated  by  Western  blot  analysis  and  apoptosis  was  measured  as 
described  above. 
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Figure  1 .  Effects  of  various  PPARy  ligands  on  the  growth  of  human  lung  cancer  cells.  The  indicated  cell  lines  were  seeded  in  96-well  cell  culture  plates.  On 
the  second  day,  the  cells  were  treated  with  different  concentrations  ranging  from  0.5  to  100  jLt M  of  the  given  PPARy  ligands  and  WY14643  which  is  a 
PPARa  ligand.  After  three  days,  the  cells  were  fixed  and  subjected  to  estimation  of  cell  number  using  the  sulforhodamine  B  (SRB)  assay.  Each  data  value  is 
a  mean  ±  SD  of  four  replicates.  PLZ,  pioglitazone;  RLZ,  rosiglitazone;  CLZ,  ciglitazone;  TLZ,  troglitazone 


RESULTS 

PPARy  ligands  inhibit  the  growth  of  human  lung  cancer  cells.  To 

determine  the  concentration  ranges  or  potencies  of  individual  PPARy 
ligands  that  effectively  inhibit  the  growth  of  human  lung  cancer  cells, 
we  treated  four  lung  cancer  cell  lines  with  several  PPARy  ligands  for 
three  days  and  then  evaluated  their  effects  on  the  growth  of  the  given 
cell  lines.  As  presented  in  Figure  1,  WY14643,  a  PPARa  ligand,  even 
at  a  concentration  of  100  rM  had  minimal  effects  on  decreasing 
the  survival  of  four  lung  cancer  cell  lines  tested,  whereas  all  PPARy 
ligands  at  the  tested  concentrations  ranges  effectively  decreased  cell 
survival  at  least  in  one  of  the  tested  cell  lines  albeit  with  various 
degrees.  Among  these  ligands,  CD  DO  stood  out  to  be  the  most 
potent  with  IC5Qs  of  0.5-2  rM.  Pioglitizone  and  roglitizone  showed 
the  weakest  activity  in  decreasing  the  survival  of  the  lung  cancer  cell 
lines  with  IC5Qs’  ranging  from  40  rM  to  >  100  rM.  Cigolitazone, 
troglitazone  and  GW1929  were  in  between  with  IC50s  ranging  from 
15  RM  to  100  rM.  Therefore,  we  chose  to  use  cigolitazone,  trogli¬ 
tazone  and  GW1929  in  our  following  experiments. 

PPARy  ligands  cooperate  with  TRAIL  to  induce  apoptosis  in 
human  lung  cancer  cells.  To  determine  whether  the  combination  of 
a  PPARy  ligand  with  TRAIL  exhibits  enhanced  effects  on  induction 
of  apoptosis  in  human  lung  cancer  cells  as  observed  in  other  types  of 
cancer  cell  lines,  we  first  examined  the  effects  of  PPARy  ligands  on 
the  survival  of  human  lung  cancer  cells  in  the  presence  of  TRAIL. 
As  presented  in  Figure  2A,  the  addition  of  low  doses  of  TRAIL, 
which  itself  minimally  decreased  cell  survival  (no  more  that  20%), 
greatly  enhanced  the  effects  of  either  of  the  tested  PPARy  ligands 
(i.e.,  troglitazone,  cigolitizone  and  GW1929)  in  the  lung  cancer  cell 


lines  tested.  For  example,  troglitazone  alone  at  50  rM  and  TRAIL 
alone  at  20  ng/ml  decreased  the  survival  of  A549  cells  by  approxi¬ 
mately  20%,  whereas  their  combination  decreased  cell  survival  by 
>75%.  Thus,  it  appears  that  the  combination  of  a  PPARy  ligand  with 
TRAIL  exhibits  enhanced  effects  on  decreasing  the  survival  of  lung 
cancer  cells. 

Following  the  cell  survival  study,  we  analyzed  apoptosis  in  cells 
exposed  to  the  combination  of  a  PPARy  ligand  and  TRAIL.  The 
single  agent  of  the  given  PPARy  ligands  or  TRAIL  at  the  concen¬ 
trations  tested  caused  minimal  apoptosis  (<15%).  However,  the 
combination  of  TRAIL  with  either  PPARy  ligand  tested  induced 
apoptosis  in  >40%  of  cells  (Fig.  IB).  In  agreement,  we  detected 
minimal  cleaved  forms  of  caspase-8,  caspase-9,  caspase-3  and  PARP 
from  cells  treated  with  TRAIL  or  the  PPARy  ligands  tested  alone 
under  the  tested  conditions  by  Western  blot  analysis.  However,  we 
easily  detected  the  cleaved  forms  from  cells  exposed  to  the  respective 
combinations  of  TRAIL  with  PPARy  ligands  (Fig.  2C).  Collectively, 
these  results  clearly  show  that  PPARy  ligands  cooperate  with  TRAIL 
to  enhance  induction  of  apoptosis  in  human  lung  cancer  cells. 

PPARy  ligands  induces  DR5  expression  in  addition  to  down- 
regulation  of  c-FLIP  expression.  It  has  been  documented  that  some 
PPARy  ligands  decrease  c-FLIP  expression,  which  contributes  to 
enhancement  of  TRAIL-induced  apoptosis  by  PPARy  ligands  in 
certain  types  of  cancer  cells.15  Thus,  we  examined  effects  of  PPARy 
ligands  on  c-FLIP  expression  in  human  lung  cancer  cells.  The  three 
PPARy  ligands  trgolitizone,  cigolitazone  and  GW1929  decreased 
the  levels  of  both  FLIPl  and  FLIPS  in  a  dose-dependent  manner 
in  A549  cells  (Fig.  3A).  The  downregulation  of  c-FLIP  occurred 
after  6  h  treatment  with  the  given  ligands  (Fig.  3B),  indicating  that 
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Figure  2.  Effects  of  PPARy  ligands  in  combination  with  TRAIL  on  cell  survival  (B)  and  apoptosis  (B  and  C)  in 
human  lung  cancer  cells.  (A)  H460  and  A549  cell  lines  were  seeded  in  96-well  plates.  On  the  second  day, 
the  cells  were  treated  with  the  indicated  concentrations  of  troglitazone  (TLZ),  ciglitazone  (CLZ),  or  GW1929 
alone,  20  ng/ml  TRAIL  alone,  and  the  combination  of  TRAIL  with  the  respective  PPARy  ligand.  After  24  h,  the 
cells  were  fixed  and  subjected  to  estimation  of  cell  number  using  the  SRB  assay.  Each  data  value  is  a  mean 
±  SD  of  four  replicates.  (B  and  C)  A549  cells  were  treated  with  50  jiM  of  the  indicated  PPARy  ligands  alone, 
20  ng/ml  TRAIL  alone  and  their  respective  combinations.  After  24  h  (B)  or  1  2  h  (C),  the  cells  were  harvested 
for  detection  of  apoptosis  by  analyzing  sub-G1  population  using  flow  cytometry  (B)  or  for  detection  of  activation 
of  the  indicated  caspases  using  Western  blot  analysis  (C).  Each  column  in  (B)  is  the  mean  ±  SD  of  duplicate 
determinations.  Casp,  caspase. 


c-FLIP  downregulation  is  an  early 
event  induced  by  PPARy  ligands. 

Downregulation  of  c-FLIP  expression 
by  PPARy  ligands  occurred  not  only 
in  A549  cells  as  described,  but  also  in 
other  lung  cancer  cells  (e.g.,  FT  157, 

H460,  and  FT  1792)  as  presented  in 
(Fig.  3C).  Therefore,  it  appears  that 
downregulation  of  c-FLIP  by  PPARy 
ligands  commonly  occurs  in  human 
lung  cancer  cells. 

DR5  is  also  a  key  protein  involved 
in  TRAIL-mediated  apoptosis  and  is 
susceptible  to  modulation  by  certain 
small  molecules.  Therefore,  we  were 
interested  in  determining  whether 
PPARy  ligands  modulate  DR5 
expression.  To  this  end,  we  treated 
A549  cells  with  different  concentra¬ 
tions  of  trgolitizone,  cigolitazone  or 
GW1929  for  12  h  and  then  detected 
DR5  expression  in  these  cells  by 
Western  blot  analysis.  Similar  to 
modulation  of  c-FLIP  expression,  all 
three  ligands  increased  DR5  expres¬ 
sion  in  a  concentration-dependent 
maner.  These  ligands  even  at  25  |lM 
were  able  to  upregulate  DR5  expres¬ 
sion  (Fig.  3A).  Similar  to  c-FLIP 
downregulation,  DR5  expression  was 
increased  after  6  h  exposure  to  the 
ligands  (Fig.  3B),  indicating  that 
DR5  upregulation  is  also  an  early 
event  induced  by  PPARy  ligands. 

These  ligands  increased  DR5  expres¬ 
sion  in  other  lung  cancer  cell  lines 
as  well  (Fig.  3C),  indicating  that 
induction  of  DR5  by  PPARy  ligands 
is  also  a  common  event  in  lung 
cancer  cells.  Because  DR5  is  a  cell 
surface  protein,  we  further  analyzed 
DR5  distribution  on  the  cell  surface 
in  cells  treated  with  different  PPARy 
ligands.  As  presented  in  Figure  3D, 
these  ligands  increased  the  mean 
fluorescent  intensity  (MFI)  of  DR5 
staining  in  both  HI 792  and  A549 
cells,  indicating  that  PPARy  ligands 
increase  cell  surface  DR5  levels  in 
addition  to  upregulating  the  total 
levels  of  DR5. 

Small  interfering  RNA  (siRNA)  - 
mediated  silencing  of  DR5  expression  confers  resistance  to  induction 
of  apoptosis  by  the  combination  of  a  PPARy  ligand  and  TRAIL. 

To  determine  whether  DR5  upregulation  contributes  to  cooperative 
induction  of  apoptosis  by  the  combination  of  a  PPARy  ligand  and 
TRAIL,  we  used  DR5  siRNA  to  silence  DR5  expression  and  then 
examined  its  impact  on  the  apoptosis-inducing  effect  of  the  combi¬ 
nation.  The  result  in  Figure  4A  demonstrates  the  successful  silencing 
the  expression  of  DR5.  The  combination  of  troglitazone  and  TRAIL 


was  much  more  potent  than  each  single  agent  in  decreasing  the  levels 
of  uncleaved  forms  of  caspase- 8  and  caspase-3  or  increasing  the  levels 
of  cleaved  form  of  caspase-9  and  PARP  (Fig.  4B)  and  in  increasing 
DNA  fragment  levels  (Fig.  4C)  in  control  siRNA-transfected  A549 
cells.  These  effects  were  all  diminished  in  the  cells  transfected  with 
DR5  siRNA  (Fig.  4B  and  C).  Thus,  these  results  demonstrate  that 
DR5  upregulation  contributes  to  enhanced  induction  of  apoptosis  by 
the  combination  of  a  PPARy  ligand  and  TRAIL. 
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Figure  3.  PPARy  ligands  increase  DR5  expression  in  addition  to  downregulation  of  c-FLIP  expression  (A— C)  and  increase  cell  surface  DR5  (D)  in  human 
lung  cancer  cells.  (A  and  B)  A549  cells  were  treated  with  the  indicated  concentrations  of  troglitazone  (TLZ),  ciglitazone  (CLZ)  or  GW1929  for  1  2  h  (A)  or 
50  jiiM  of  the  agents  for  the  indicated  times  (B).  Whole-cell  protein  lysates  were  then  prepared  from  aforementioned  treatments  for  detection  of  DR5,  c-FLIP 
and  actin  using  Western  blot  analysis.  (C)  The  indicated  lung  cancer  cell  lines  were  treated  with  DMSO  (D),  50  jlx M  of  troglitazone  (T),  ciglitazone  (C)  or 
GW1929  (G)  for  12  h  and  then  subjected  to  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis  for  the  indicated  proteins. 
(D)  Both  HI  792  and  A549  cell  lines  were  exposed  to  50  jliM  of  the  indicated  PPARy  ligands  for  12  h.  The  cells  were  then  harvested,  stained  with 
PE-conjugated  DR5  antibody,  and  analyzed  by  flow  cytometry. 


Enforced  c-FLIP  overexpression  protects  cells  from  induction  of 
apoptosis  by  the  combination  of  a  PPARy  ligand  and  TRAIL.  To 

determine  the  involvement  of  c-FLIP  downregulation  in  enhance¬ 
ment  of  TRAIL-induced  apoptosis  by  PPARy  ligands,  we  established 
A549  stable  cell  lines  that  overexpress  Lac  Z  (serves  as  a  control), 
FLIPl  or  FLIP§  as  presented  in  Figure  5A.  In  agreement  with  afore¬ 
mentioned  results,  the  combination  of  troglitazone  and  TRAIL 
exhibited  enhanced  induction  of  apoptosis  compared  to  each  single 
agent  in  Lac  Z-2  and  Lac  Z-9  cell  lines.  This  effect  was  inhibited 
in  all  cell  lines  expressing  either  FLIPl  or  FLIPS,  particularly  in  cell 
lines  expressing  FLIPl  (Fig.  5A).  Consistently,  apoptosis  induced  by 
TRAIL  alone  was  also  inhibited  in  c-FLIP-overexpressing  cell  lines 
(Fig.  5A).  Results  in  (Fig.  5B)  shows  representative  expression  levels 
of  FLIPl  (i.e.,  FLIPl-2)  and  FLIPS  (FLIPs-8)  in  the  given  cell  lines. 
In  agreement  with  induction  of  apoptosis,  the  combination  of  trogli¬ 
tazone  and  TRAIL  strongly  induced  cleavage  of  both  caspase-8  and 
PARP  in  Lac  Z-2  cells,  but  only  minimally  in  FLIPs-8  cells  and  in 
FLIPl-2  cells  (Fig.  5B).  Collectively,  these  results  clearly  show  that 
overexpression  of  c-FLIP  protects  cells  from  induction  of  apoptosis 
by  the  combination  of  TRAIL  with  a  PPARy  ligand.  In  another 


words,  downregulation  of  c-FLIP  contributes  to  enhanced  induction 
of  apoptosis  by  the  combination  of  a  PPARy  ligand  and  TRAIL. 

PPARy  ligands  modulate  the  expression  of  DR5  and  c-FLIP 
independently  of  PPARy.  To  determine  whether  PPARy  plays  a  role 
in  mediating  the  modulation  of  DR5  or  c-FLIP  expression  by  PPARy 
ligands,  we  compared  the  effects  of  troglitazone  on  the  expression  of 
DR5  and  c-FLIP  in  the  absence  and  presence  of  the  PPARy  antago¬ 
nist  GW9662.  As  presented  in  Figure  6A,  the  presence  of  GW9662 
at  50  JlM  and  the  maximal  tolerated  dose  of  75  |lM  failed  to  impair 
the  ability  of  troglitazone  to  induce  DR5  or  downregulate  c-FLIP 
expression  in  both  A549  and  FT  1792  cells.  Moreover,  we  silenced 
the  expression  of  PPARy  and  then  examined  its  impact  on  PPARy 
ligand-induced  DR5  upregulation  and  c-FLIP  downregulation. 
As  shown  in  Figure  6B,  transfection  of  PPARy  siRNA  into  A549 
cells  substantially  decreased  the  levels  of  PPARy.  However,  both 
troglitazone  and  GW1929  induced  DR5  expression  and  decreased 
c-FLIP  levels  in  both  control  siRNA-  and  PPARy  siRNA  transfected 
cells  with  comparable  degrees,  indicating  that  silencing  of  PPARy 
expression  does  not  affect  the  effects  of  PPARy  ligands  on  modula¬ 
tion  of  DR5  and  c-FLIP.  Taken  together,  we  conclude  that  PPARy 
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Figure  4.  Silencing  of  DR5  expression  by  DR5  siRNA  (A)  attenuates  caspase 
activation  (B)  and  apoptosis  (C)  induced  by  the  combination  of  troglitazone 
(TLZ)  and  TRAIL.  A549  cells  were  seeded  in  a  24-well  cell  culture  plate  and 
on  the  second  day  transfected  with  control  (Ctrl)  or  DR5  siRNA.  Forty  hours 
later,  the  cells  were  treated  with  50  jiM  TLZ,  20  ng/ml  TRAIL  and  their 
combination.  After  1  2  h  (A  and  B)  or  24  h  (C),  the  cells  were  harvested  for 
preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analy¬ 
sis  (A  and  B)  or  for  detection  of  DNA  fragmentation  using  an  ELISA  kit.  Each 
column  (C)  represents  the  mean  ±  SD  of  triplicate  determinations. 

ligands  modulate  the  expression  of  DR5  and  c-FLIP  independently 
of  PPARy. 

DISCUSSION 

Enhancement  of  TRAIL-induced  apoptosis  by  PPARy  ligands 
has  been  documented  in  certain  types  of  cancer  cell  lines  including 
glioma,  neuroblastoma,  breast,  ovarian,  prostate  and  colon  cancer 
cells  in  vitro1 546,23,24  anc[  jn  breast  cancer  in  vivo.24  Our  current 
study  confirms  and  extends  this  finding  in  human  lung  cancer 
cells.  PPARy  ligands  alone  in  general  have  weak  apoptosis-inducing 
activity  as  demonstrated  in  our  study  (Fig.  1).  However,  the  pres¬ 
ence  of  a  low  dose  of  TRAIL  can  result  in  enhanced  or  synergistic 
induction  of  apoptosis  in  various  types  of  cancer  cells  by  previous 
studies15,16,23,24  and  our  current  finding.  Given  that  some  PPARy 
ligands  are  marketed  drugs  for  treatment  of  type  II  diabetes,  these 
findings  warrant  the  clinical  testing  of  the  combination  of  a  PPARy 
ligand  with  TRAIL  as  an  effective  cancer  therapeutic  regimen. 

Downregulation  of  c-LLIP,  survivin  and  cyclin  D3  or  induction  of 
p2iwafl/cipl  bas  been  documented  to  account  for  the  mechanisms  by 


Figure  5.  Enforced  c-FLIP  expression  protects  cells  from  induction  of  apopto¬ 
sis  (A)  and  caspase  activation  (B)  by  the  combination  of  troglitazone  (TLZ) 
and  TRAIL.  The  indicated  A549  cell  lines  expressing  lac  Z  (control),  FUPL  or 
FLIPS  were  treated  with  DMSO,  50  jiM  TLZ  alone,  10  ng/ml  TRAIL  alone 
and  the  combination  of  TLZ  and  TRAIL,  respectively.  After  24  h  (A)  or  1  2  h 
(B),  the  cells  were  harvested  and  subjected  to  detection  of  apoptotic  cells  by 
analyzing  sub-G1  population  using  flow  cytometry  (A)  or  detection  of 
caspase  activation  using  Western  blot  analysis  (B). 

which  PPARy  ligands  enhance  TRAIL-induced  apoptosis.15,16,23,24 
Among  these  mechanisms,  downregulation  of  c-LLIP  by  PPARy 
ligands  and  its  role  in  sensitizing  cancer  cells  to  TRAIL-induced 
apoptosis  were  extensively  studied.15,16  In  agreement  with  these 
findings,  we  also  found  that  PPARy  ligands  such  as  troglitazone, 
cigolitazone  and  GW 1 929  decreased  the  levels  of  both  FLIPl  and 
FLIPS  in  human  lung  cancer  cells  (Pig.  3).  Moreover,  we  demon¬ 
strate  that  downregulation  of  c-PLIP  contributes  to  enhancement 
of  TRAIL-induced  apoptosis  by  PPARy  ligands  because  enforced 
expression  of  exogenous  c-FLIP  (either  FLIPl  or  FLIPS)  inhibited 
induction  of  apoptosis  by  the  combination  of  TRAIL  with  trogli¬ 
tazone  (Fig.  5).  Taken  together,  it  appears  that  c-FLIP  downregulation 
is  an  important  mechanism  accounting  for  PPARy  ligand-mediated 
enhancement  of  TRAIL-induced  apoptosis  in  human  cancer  cells. 

By  far,  the  few  reports  on  the  modulation  of  DR5  expression  by 
PPARy  ligands  have  conflicting  results.15'17  Moreover,  the  involve¬ 
ment  of  DR5  modulation  in  PPARy  ligand-mediated  enhancement 
of  TRAIL-induced  apoptosis  in  cancer  cells  has  not  been  addressed. 
In  this  study,  we  clearly  show  that  several  PPARy  ligands  including 
troglitazone,  cigolitazone  and  GW1929  induced  DR5  expression 
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Figure  6.  Effects  of  the  PPARy  antagonist  GW9662  (A)  and  the  silencing 
of  PPARy  expression  (B)  on  PPARy  ligand-induced  modulation  of  DR5  and 
c-FLIP  expression.  A,  The  indicated  cell  lines  were  pretreated  with  the  given 
doses  of  GW9662  and  then  cotreated  with  50  jiM  troglitazone  (TLZ).  After 
12  h,  the  cells  were  subjected  to  preparation  of  whole-cell  protein  lysates 
and  subsequent  Western  blot  analysis.  B,  A549  cells  were  transfected  with 
control  (Ctrl)  or  PPARy  siRNA.  After  48  h,  the  cells  were  treated  with  DMSO 
control,  50  jiM  TLZ  or  GW1  929.  Twelve  hours  later,  the  cells  were  harvested 
for  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot 
analysis. 


while  downregulating  c-FLIP  levels  in  multiple  human  lung  cancer 
cell  lines  (Fig.  3),  indicating  that  both  DR5  up  regulation  and  c-FLIP 
reduction  are  concurrent  events  in  cells  exposed  to  PPARy  ligands. 
By  siRNA-mediated  silencing  of  DR5  expression,  we  found  that  the 
enhanced  induction  of  apoptosis  including  caspase  activation  and 
DNA  fragmentation  by  the  combination  of  troglitazone  and  TRAIL 
was  substantially  attenuated.  Thus,  we  conclude  that  DR5  upregula- 
tion  also  contributes  to  cooperative  induction  of  apoptosis  by  the 
combination  of  a  PPARy  ligand  and  TRAIL.  This  should  be  the  first 
demonstration  for  the  involvement  of  DR5  upregulation  in  sensitiza¬ 
tion  of  cancer  cells  to  TRAIL-induced  apoptosis  by  PPARy  ligands. 

The  downregulation  of  c-FLIP  by  PPARy  ligands  was  docu¬ 
mented  to  be  independent  of  PPARy,15  as  was  the  induction  of  DR5 
by  15d-PGJ2.17  In  our  study,  the  presence  of  a  PPARy  antagonist  or 
siRNA-mediated  silencing  of  PPARy  expression  failed  to  inhibit  the 
modulation  of  either  DR5  or  c-FLIP  expression  by  PPARy  ligands 
(Fig.  6).  Thus,  we  conclude  that  PPARy  ligands  induce  DR5  and 
downregulate  c-FLIP  expression  independently  of  PPARy  in  human 
lung  cancer  cells. 

In  summary,  we  demonstrate  that  PPARy  ligands  enhance 
TRAIL-induced  apoptosis  in  human  lung  cancer  cells.  In  addition 
to  downregulation  of  c-FLIP,  PPARy  ligands  also  upregulate  DR5 
expression,  both  of  which  contribute  to  PPARy  ligand-mediated 
enhancement  of  TRAIL-induced  apoptosis.  Thus,  our  findings 
extend  our  understanding  on  the  mechanisms  by  which  PPARy 
ligands  sensitize  cancer  cells  to  TRAIL-induced  apoptosis. 
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Abstract 

Body: 

Background.  Approximatelv  25%  of  lung  cancer  cases  worldwide,  mostlv  adenocarcinomas,  are  not  attributable  to  tobacco 
use.  Despite  that  some  striking  differences  have  been  identified  in  the  epidemiological,  clinical  and  molecular  characteristics 
of  lung  cancer  arising  in  never  smokers  versus  smokers,  our  current  knowledge  of  lung  adenocarcinoma  in  never  smokers  is 
still  limited. 

Methods.  We  examined  the  immunohistohemical  (LHC)  expression  of  101  proteins  in  surgicallv  resected  lung 
adenocarcinoma  tissue  microarray  specimens  obtained  from  52  never  smokers  and  compared  the  findings  with  152  tumors 
obtained  from  ever  smokers.  The  markers  examined  included  a  wide  variety  of  tumor-related  proteins,  representing  all 
hallmarks  of  cancer  (Hanahan  and  Weinberg,  Cell  2000).  The  IHC  expression  was  assessed  at  cytoplasm  [c],  membrane  [m], 
and  nucleus  [n]  of  malignant  cells,  and  in  stromal  cells.  Univariate  and  multivariate  (adjusting  by  patients'  sex,  and  tumor 
stage  and  EGFR  mutation  status)  statistical  analyses  were  performed  to  assess  the  statistical  differences  in  the  expression  of 
markers  according  to  smoking  status.  The  expression  of  the  markers  was  correlated  with  patients’  clinical  characteristics  and 
tumors’  pathological  features  and  EGFR  mutational  status. 

Results.  In  the  multivariate  analvsis,  tumors  from  smokers  showed  a  relativelv  high  number  of  markers  (n=32)  with 
significant  higher  expression  compared  with  tumors  from  never  smokers.  Interestingly,  in  the  univariate  analysis,  nine 
markers  showed  significantly  higher  expression  in  tumors  from  never  smokers  compared  with  ever  smokers,  including  FGFR- 
1  [n],  FGFR-2  [n],  ER-alpha  [n],  CD44  [c],  FOLR1  [m],  IGFBP3  [n],  IL-lalpha  [c],  NF-kB  [n],  survivin  [n]  and  RGS17  [n]. 

In  the  multivariate  analysis,  six  markers  showed  significantly  higher  expression  in  tumors  from  never  smokers,  including 
FGFR-2  [n]  (P=0.018),  CD44  [c]  (P= 0.001),  c-Met  [c]  (P=0.045)  and  [m]  (P=0.017),  E-Cadherin  [m]  (P=0.003),  IGFBP3  [n] 
(.P=0.0009)  and  p-HER3  [m]  (.P=0.035).  Twenty-nine  markers  showed  significant  association  with  .EGFR  mutations  in  tumors 
in  the  multivariate  analysis  adjusting  by  patients’  sex  and  smoking  status,  and  tumor  stage.  Additionally,  47  markers  showed 
significant  differences  in  the  level  of  expression  comparing  patients’  smoking  status,  including  current,  former  and  never 
smokers. 

Conclusion.  Our  findings  indicate  that  there  are  multiple  molecular  differences  between  lung  adenocarcinomas  arising  in 
never  and  ever  smokers,  suggesting  that  they  are  different  entities.  These  findings  have  implications  for  the  selection  of 
molecular  targets  for  developing  novel  therapy  in  patients  with  lung  adenocarcinoma  based  on  their  smoking  history 
(Supported  by  grant  VITAL  W81XWH-04-1-0142  and  UT-Lung  SPORE  P50CA070907). 
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Immunohistochemical  validation  of 
differentially  expressed  protein  markers  in 
the  sequential  pathogenesis  of  non-small  cell 
lung  cancer  using  premalignant  and 
malignant  lung  tissue  microarrays 

Carmen  Behrens,  Ignacio  I.  Wistuba,  Lei  Feng,  J.  Jack  Lee,  Waun 

UT  M.D.  Anderson  Cancer  Ctr.,  Houston,  TX 

Lung  cancer  is  the  leading  cause  of  cancer  mortality  at  least  in  part  due  to  its  diagnosis  at  advanced  stages. 
Therefore,  the  identification  of  novel  molecular  markers  for  risk  assessment  and  early  detection  is  of 
paramount  importance.  Recently,  we  used  a  high  throughput  western  immunoblotting  technique  and  an  in 
vitro  lung  carcinogenesis  cell  system  to  identify  proteins  that  are  expressed  differentially  in  normal, 
immortalized,  transformed,  and  tumorigenic  human  bronchial  epithelial  cells.  In  the  present  study,  we 
selected  four  of  these  proteins  for  validation  as  potential  important  molecules  in  the  sequential 
pathogenesis  of  non-small  cell  lung  carcinomas  in  vivo.  We  performed  an  immunohistochemical  analysis 
of  E-cadherin  (membranous),  Caspase-8  (cytoplasmic),  Stat-5  (cytoplasmic),  and  p70s6k  (nuclear)  in 
paraffin-embedded  tissue  samples  from  lung  cancers  (n=60)  and  adjacent  normal  and  preneoplastic 
epithelial  tissues  (n=223)  placed  in  tissue  microarray  (TMA).  The  lung  samples  examined  included:  30 
adenocarcinomas  (ADCAs),  30  squamous  cell  carcinomas  (SCCs),  30  normal  bronchial  epithelia,  72 
bronchial  hyperplasias,  29  squamous  metaplasia,  28  squamous  dysplasias,  and  64  alveolar  adenomatous 
hyperplasias  (AAHs).  The  main  findings  were  as  follows:  a)  E-cadherin  expression  was  reduced 
(p<0.001),  and  Caspase-8,  Stat-5,  and  p70s6k  were  increased  (p<0.00 1-0.008)  in  tumors  compared  to 
normal  epithelium  specimens,  b)  In  SCCs,  an  increasing  level  of  abnormal  expression  was  detected  for  all 
four  markers  with  increasing  severity  of  histology,  and  significant  differences  (p<0.001)  between  normal 
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epithelium  and  high-grade  dysplasia  were  detected  for  E-cadherin,  Stat-5,  and  p70s6k.  c)  In  ADC  As,  an 
abnormal  expression  trend  was  detected  between  normal  bronchial  epithelium,  AAH  and  tumors  for  all 
markers  except  for  p70s6k,  with  significant  differences  (p<0.00 1-0.0 17)  between  AAHs  and  ADCAs  in 
E-cadherin,  Caspase-8  and  Stat-5.  Our  studies  demonstrate  that  protein  immunohistochemical  expression 
analysis  using  TMAs  of  lung  tumor  and  preneoplastic  specimens  are  suitable  methodology  for  the 
validation  of  proteomic  data  and  the  study  of  new  markers  in  the  pathogenesis  of  lung  cancer.  Our 
findings  that  E-cadherin,  Caspase-8,  Stat-5,  andp70s6k  are  expressed  differentially  in  the  sequential 
pathogenesis  of  SCC  and  ADCA  suggest  that  they  play  an  important  role  in  NSCLC  tumorigenesis. 
Supported  by  Early  Detection  Research  Network  grant  U01  CA86390  from  the  NCI  and  by  the 
Department  of  the  Army  grant  W81XWH-04-1-0142. 
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Abstract 

Body: 

Background.  The  molecular  events  associated  with  NSCLC  pathogenesis  and  tumor  progression  need  to  be  better  elucidated.  The 
enhancer  of  zeste  homolog  2  (EZH2)  is  a  DNA  methyl  transferase  involved  in  malignant  transformation  and  tumor  progression  of 
several  human  carcinomas,  including  lung.  We  investigated  EZH2  expression  by  immunohistochemistry  (IHC)  in  the  early 
pathogenesis  of  NSCLC  and  progression  in  a  large  series  of  clinically  well-annotated  tissue  specimens. 

Methods.  We  examined  by  IHC  nuclear  EZH2  expression  using  formalin- fixed  and  paraffin-embedded  tissue  specimens  obtained 
from  surgically  resected  tumors  in  tissue  microarrays  (TMAs)  including:  a)  stage  I-III  NSCLC  tumors  (SCCs,  n=272; 
adenocarcinomas,  n=456);  b)  paired  primary  tumors  and  brain  metastases  (n=70);  and,  c)  bronchial  preneoplastic  squamous  lesions 
(n=51)  and  mildly  abnormal/normal  bronchial  epithelia  (n=203).  In  stage  I-III  tumors,  we  correlated  EZH2  expression  with  clinico- 
pathological  features,  including  patients’  recurrence-free  survival  (RFS),  and  overall  survival  (OS),  in  a  subset  of  these  tumors,  with 
IHC  expression  of  80  proteins  and  EGFR  and  KRAS  mutation  status. 

Results.  EZH2  expression  was  significantly  (RO.OOOl)  higher  in  SCC  (mean  score=128.6)  compared  to  adenocarcinoma  (mean 
score=56.8).  In  adenocarcinoma,  higher  EZH2  expression  significantly  correlated  with  ever-smoking  status  (R0.0001)  and  less 
differentiated  histology  features  (solid  histology  pattern;  R0.0001).  In  multivariate  analysis,  for  adenocarcinoma  patients,  higher 
EZH2  expression,  as  a  continuous  variable,  associated  with  significantly  worse  RFS  (HR  1.006  95%CI  1.0-1.01 1;  R=0.03)  and  OS 
(HR  1.004  95%CI  1.0-1.009;  P=0.03).  In  publicly  available  array  datasets  of  lung  adenocarcinoma  patients,  high  EZH2  mRNA 
correlated  with  worse  RFS  and  OS.  NSCLC  brain  metastases  showed  significantly  (R=0.0004)  higher  EZH2  expression  than 
corresponding  primary  tumors.  In  bronchial  epithelia,  normal  and  hyperplastic  cells  demonstrated  low  levels  of  EZH2  expression; 
significantly  higher  expression  was  associated  with  increasing  severity  of  squamous  dysplastic  changes  (R0.0001).  In  NSCLC 
tumors,  EZH2  expression  positively  correlated  (R0.0001)  with  IHC  expression  of  Ki67,  FEN1,  and  UBE2C.  In  lung 
adenocarcinomas,  EGFR- mutant  tumors  showed  significantly  lower  EZH2  expression  than  wild-type  tumors. 

Conclusions.  Our  findings  indicate  that  EZH2  is  frequently  expressed  in  NSCLC,  particularly  in  poorly  differentiated 
adenocarcinomas.  In  adenocarcinomas,  EZH2  associates  with  worse  patient  outcomes.  These  data  suggest  that  EZH2  expression 
represents  an  early  event  in  NSCLC  pathogenesis  and  associates  with  tumor  progression  and  metastasis,  representing  a  novel  target 
for  chemoprevention  and  therapeutic  strategies.  Supported  by  DoD  grants  W81XWH-04-1-0142  and  DoD  W81XWH-07- 1-0306. 
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induced  augmentation  of  tumor  necrosis 
factor-related  apoptosis-inducing  ligand-induced  apoptosis 
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Abstract 

Geranylgeranyltransferase  I  (GGTase  I)  has  emerged  as  a  cancer  therapeutic  target.  Accordingly,  small 
molecules  that  inhibit  GGTase  I  have  been  developed  and  exhibit  encouraging  anticancer  activity  both  in 
vitro  and  in  vivo  in  preclinical  studies.  However,  the  underlying  anticancer  mechanisms  of  GGTase  I 
inhibitors  remain  unclear.  Here  we  have  demonstrated  a  novel  mechanism  by  which  GGTase  I  inhibition 
modulates  apoptosis.  Inhibition  of  GGTase  I  by  GGTI-298  induced  apoptosis  and  augmented  tumor 
necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL)-induced  apoptosis  in  human  lung  cancer  cells. 
GGTI-298  induced  the  expression  of  both  DR4  and  DR5,  two  cell  surface  death  receptors  for  TRAIL,  and 
downregulated  the  expression  of  c-FLIP,  a  key  inhibitor  of  death  receptor-induced  apoptosis. 

Consistently,  another  highly  selective  GGTase  I  inhibitor,  GGTI-DU40,  but  not  its  inactive  analog  SN- 
DU40,  exerted  similar  effects.  Enforced  expression  of  c-FLIP  or  knockdown  of  DR5  expression  protected 
cells  from  induction  of  apoptosis  by  the  combination  of  GGTI-298  and  TRAIL,  indicating  that  induction 
of  DR5  and  downregulation  of  c-FLIP  mediate  augmentation  of  TRAIL-induced  apoptosis  by  GGTase  I 
inhibition.  Surprisingly,  blockade  of  DR4  induction  by  knocking  down  DR4  expression  sensitized  cancer 
cells  to  GGTI298/TRAIL-induced  apoptosis,  suggesting  that  DR4  induction  may  play  an  opposite  role  to 
DR5  induction  in  regulating  GGTI298/TRAIL-induced  apoptosis.  The  combination  of  GGTI-298  and 
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TRAIL  was  more  effective  than  each  single  agent  in  decreasing  the  levels  of  IkBoc  and  p-Akt,  implying 
that  GGTI298/TRAIL  activates  NF-kB  and  inhibits  Akt.  Interestingly,  knockdown  of  DR5,  but  not  DR4, 
prevented  GGTI298/TRAIL-induced  IicBa  and  p-Akt  reduction,  suggesting  that  DR5  mediates  reduction 
of  IicBa  and  p-Akt  induced  by  GGTI298/TRAIL.  In  contrast,  DR4  knockdown  further  facilitated  IicBa  and 
p-Akt  reduction  by  GGTI298/TRAIL,  suggesting  that  DR4  also  plays  an  opposite  role  to  DR5  in 
regulation  of  GGTI/TRAIL-induced  apoptotic  signaling.  To  our  knowledge,  this  is  the  first  demonstration 
that  DR4  and  DR5  may  play  differential  roles  in  regulation  of  death  receptor-mediated  apoptosis. 
Collectively,  we  conclude  that  inhibition  of  GGTase  I  with  GGTI  inhibitors  induces  DR5  and 
downregulates  c-FLIP,  leading  to  augmentation  of  TRAIL-induced  apoptosis.  Thus,  inhibition  of  GGTase 
I  can  be  a  novel  strategy  for  enhancing  TRAIL-based  cancer  therapy.  (Supported  by  the  Georgia  Cancer 
Coalition  Distinguished  Cancer  Scholar  award,  Department  of  Defense  grant  W81XWH-04-1-0142- 
VITAL,  and  NIH/NCI  SPORE  P50  grant  CA128613-01;  SY  Sun,  and  FR  Khuri  are  Georgia  Cancer 
Coalition  Distinguished  Cancer  Scholars) 

Citation  Information:  In:  Proc  Am  Assoc  Cancer  Res;  2009  Apr  18-22;  Denver,  CO.  Philadelphia  (PA): 
AACR;  2009.  Abstract  nr  2041 . 
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Dimethyl-celecoxib,  a  derivative  of  the  COX-  l 
2  inhibitor  celecoxib  that  lacks  COX-2 
inhibitory  activity,  sensitizes  human  lung  ► 
cancer  cells  to  tumor  necrosis  factor-related 


The  cyclooxygenase-2  (COX-2)  inhibitor,  celecoxib,  exhibits  anticancer  activity  in  both  preclinical 
studies  and  clinical  practice.  However,  celecoxib  has  relatively  weak  apoptosis-inducing  activity  and 
modest  cancer  therapeutic  efficacy.  Therefore,  efforts  have  been  made  to  develop  derivatives  of  celecoxib 
with  superior  anticancer  activity.  Dimethyl-celecoxib  (DMC)  is  just  such  a  derivative  which  lacks  COX- 
2-inhibitory  activity.  Several  preclinical  studies  have  demonstrated  that  DMC  has  better  apoptosis- 
inducing  activity  than  celecoxib  albeit  with  undefined  mechanisms  and  exhibits  anticancer  activity  in 
animal  models.  In  this  study,  we  examined  the  effects  of  DMC  on  the  growth  of  human  lung  cancer  cells 
as  well  as  its  cooperative  effect  with  tumor  necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL)  on 
induction  of  apoptosis  and  the  underlying  mechanisms.  By  comparing  the  effects  of  DMC  and  celecoxib 
on  the  growth  of  a  group  of  human  lung  cancer  cell  lines,  we  found  that  DMC  decreased  cell  survival  with 
IC50s  ranging  from  10  pM  to  20  pM,  whereas  celecoxib  did  so  with  IC5Qs  ranging  between  20  and  30 

pM,  indicating  that  DMC  is  more  effective  than  celecoxib  in  decreasing  the  survival  of  lung  cancer  cells. 
When  cells  were  treated  with  the  combination  of  DMC  and  TRAIL,  enhanced  or  synergistic  effects  in 
reduction  of  cell  survival  and  induction  of  apoptosis  including  activation  of  caspases  were  observed  in 
comparison  with  the  effects  in  cells  exposed  to  each  agent  alone.  To  understand  the  mechanisms 
underlying  this  synergy,  we  also  analyzed  the  effects  of  DMC  on  modulation  of  several  apoptosis-related 


Page  2  of  2 


genes.  We  found  that  DMC  rapidly  increased  DR5  levels  and  reduced  c-FLIP  (both  FLIPl  and  FLIPS) 

levels  starting  from  2  h  post  treatment  while  having  limited  effects  on  modulating  the  levels  of  other 
proteins  including  DR4,  Bcl2,  Bcl-XL  and  Bax.  Importantly,  enforced  expression  of  FLIPl  or  silencing  of 

DR5  expression  using  DR5  small  interfering  RNA  (siRNA)  abrogated  the  enhanced  effects  on  induction 
of  apoptosis  by  the  combination  of  DMC  and  TRAIL,  indicating  that  both  DR5  upregulation  and  c-FLIP 
reduction  contribute  to  cooperative  induction  of  apoptosis  by  the  combination  of  DMC  and  TRAIL. 
Collectively,  we  conclude  that  DMC  sensitizes  TRAIL-induced  apoptosis  in  human  lung  cancer  cells  via 
induction  of  DR5  and  downregulation  of  c-FLIP.  (Supported  by  GCC  Distinguished  Cancer  Scholar 
award  and  DOD  grant  W81XWH-04- 1-0 142- VITAL) 
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Abstract 

Cap-dependent  protein  translation  plays  an  important  role  in  regulation  of  oncogenesis  primarily  through 
regulation  of  the  expression  of  certain  oncogenic  proteins  (e.g.,  cyclin  D1  and  HIFla,).  Thus  inhibition  of 
cap-dependent  protein  translation  has  emerged  as  an  attractive  therapeutic  strategy.  The  small  molecule 
4EGI-1  was  identified  as  an  inhibitor  of  cap-dependent  translation  initiation  by  disrupting  eIF4E/eIF4G 
association  through  binding  to  eIF4E  and  exhibits  growth-inhibitory  and  apoptosis-inducing  activity  in 
cancer  cells.  We  were  interested  in  its  therapeutic  effects  in  human  lung  cancer  cells.  4EGI-1  as  a  single 
agent  inhibited  the  growth  and  induced  apoptosis  of  human  lung  cancer  cells.  When  combined  with  the 
death  ligand  tumor  necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL),  enhanced  apoptosis- 
induced  activity  was  observed.  In  lung  cancer  cells,  4EGI-1  inhibited  eIF4E/eIF4G  interaction,  reduced 
the  levels  of  cyclin  D1  and  HIFla,  both  of  which  are  regulated  by  a  cap-dependent  translation  mechanism. 
Moreover,  4EGI-1  upregulated  DR5  expression  and  downregulated  c-FLIP  levels.  Small  interfering  RNA 
(siRNA)-mediated  blockade  of  DR5  induction  or  enforced  expression  of  c-FLIP  abrogated  4EGI-l’s 
ability  to  enhance  TRAIL-induced  apoptosis,  indicating  that  both  DR5  induction  and  c-FLIP 
downregulation  contribute  to  enhancement  of  TRAIL-induced  apoptosis  by  4EGI-1.  However,  inhibition 
of  eIF4E/eIF4G  interaction  by  eIF4E  siRNA-mediated  knockdown  of  eIF4E  effectively  reduced  the  levels 


Similar  articles  in  this  journal 

Download  to  citation  manager 

Google  Scholar 

Articles  by  Fanf  S. 

Articles  by  Sun,  S.-Y. 

PubMed 

Articles  by  Fan,  S. 

Articles  by  Sun,  S.-Y. 


Page  2  of  2 


of  cyclin  D1  and  HIFla,  but  failed  to  induce  DR5  expression,  downregulate  c-FLIP  levels,  and  augment 
TRAIL-induced  apoptosis.  As  well,  the  mTOR  inhibitor  rapamycin,  which  inhibits  cap-dependent 
translation  initiation,  did  not  enhance  TRAIL-induced  apoptosis.  Collectively,  we  conclude  that  4EGI-1 
augments  TRAIL-induced  apoptosis  through  induction  of  DR5  and  downregulation  of  c-FLIP 
independent  of  inhibition  of  cap-dependent  protein  translation.  (S.  Fan.  and  Y.  Li  share  first  authorship; 
this  work  was  supported  by  the  Georgia  Cancer  Coalition  Distinguished  Cancer  Scholar  award,  DOD 
grant  W81XWH-04- 1-0 142- VITAL,  NIH  ROl  CA1 18450-01  and  NIH  SPORE  P50  grant  CA128613-01; 
SY  Sun,  and  FR  Khuri  are  Georgia  Cancer  Coalition  Distinguished  Cancer  Scholars) 

Citation  Information:  In:  Proc  Am  Assoc  Cancer  Res;  2009  Apr  18-22;  Denver,  CO.  Philadelphia  (PA): 
AACR;  2009.  Abstract  nr  5132. 
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Abstract 

Body: 

Lung  cancer  is  often  associated  with  inflammation  induced  by  cigarette  smoke.  In  addition,  chronic  obstructive  pulmonary  disease 
(COPD),  typically  associated  with  inflammation,  is  a  leading  cause  of  morbidity  and  mortality  in  the  United  States  and  presents  an 
increased  risk  of  lung  cancer  development  compared  to  patients  without  COPD.  Mice  with  knockout  of  both  alleles  of  the  G-protein 
coupled  receptor,  family  C,  group  5,  member  A  (Gprc5a)  gene  develop  spontaneous  lung  adenomas  and  adenocarcinomas  at  a  much 
higher  incidence  than  their  wild-type  littermates,  indicating  that  this  gene  is  a  novel  lung-specific  tumor  suppressor  gene. 
Interestingly,  the  majority  of  tumors  in  the  Gprc5a  knockout  mice  are  associated  with  inflammatory  cell  infiltration,  possibly  due  to 
increased  NF-kB  activation  in  mouse  lung  epithelial  cells  and  tissues.  Furthermore,  the  human  GPRC5A  can  suppress  NF-kB 
activation  in  human  lung  adenocarcinoma  cells.  Therefore,  in  the  present  study  we  investigated  the  expression  patterns  of  GPRC5A 
in  clinical  specimens,  including  normal  bronchial  epithelia  (NBE)  of  COPD  patients  with  and  without  overt  lung  cancer  as  well  as  in 
non-small  cell  lung  cancer  (NSCLC)  tumors  by  immunohistochemical  (IHC)  analysis.  We  performed  IHC  analysis  of  a  tissue 
microarray  (TMA)  comprised  of  31 1  lung  adenocarcinomas  and  166  squamous  cell  carcinomas  (SCCs),  as  well  as  of  normal 
bronchial  epithelial  specimens  from  50  patients  with  COPD,  which  included  24  cancer-free  cases  and  26  cases  with  NSCLC  (12, 
adenocarcinoma;  12,  SCC;  2,  bronchioalveolar  carcinoma).  Kruskal- Wallis  test  was  used  to  compare  GPRC5A  levels  among 
histology  levels.  All  statistical  tests  were  two-sided,  and  p  values  of  0.05  or  less  were  considered  to  be  statistically  significant. 
Cytoplasmic  GPRC5A  expression  was  significantly  higher  in  lung  adenocarcinomas  compared  to  SCCs  (p<0.001).  Moreover, 
GPRC5A  expression  exhibited  a  positive  correlation  with  never-smoking  status  (p=0.005).  Interestingly,  we  noted  a  statistically 
significant  inverse  correlation  between  the  expression  of  GPRC5A  and  that  of  NF-kB  (p<0.001),  which  we  had  previously  found  to 
be  activated  and  elevated  following  loss  of  the  GPRC5A  tumor  suppressor.  Furthermore,  analysis  of  two  NBE  obtained  from  each  of 
50  COPD  patients  demonstrated  statistically  significant  decreased  expression  of  GPRC5A  in  NBE  of  COPD  patients  with  NSCLC 
compared  to  NBE  from  NSCLC-free  COPD  patients  (p<0.001).  Our  findings  demonstrate  that  decreased  GPRC5A  expression  may 
be  associated  with  development  of  lung  malignancies,  especially  in  individuals  with  chronic  lung  inflammation,  and  pinpoints 
GPRC5A’s  potential  suppressive  effects  on  a  lung  tumor-promoting  microenvironment.  Assessment  of  GPRC5A’s  potential  use  as  a 
risk  factor  for  NSCLC  development  in  COPD  patients  is  warranted.  Supported  by  the  Samuel  Waxman  Cancer  Research  Foundation 
and  by  W8 1XWH-04- 1-0142. 
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Abstract 

Body: 

Recent  data  indicate  that  lung  cancer  causes  over  1.3  million  deaths  worldwide  each  year,  over  157,000  deaths  in  the  U.S.  alone. 
Although  the  overall  incidence  of  cancer  in  the  U.S.  has  decreased  (1.3  %  for  men;  0.5%  for  women)  largely  because  of  declines  in 
breast,  prostate,  lung,  and  colon  cancer,  lung  cancer  in  women  is  increasing. 

Tobacco  causes  more  than  30%  of  cancer,  not  just  of  the  lung  but  in  at  least  12  other  cancers,  including  the  head  and  neck, 
esophagus,  pancreas,  stomach,  and  bladder.  Smoking  cessation  is  an  important  approach  for  decreasing  cancer  risk  but  is  not 
sufficient  because  50%  of  new  lung  cancers  arise  in  former  smokers.  The  molecular  mechanisms  of  lung-cancer  pathogenesis  in 
former  smokers  are  under  intense  investigation. 

Cancer  screening  and  early  detection  have  made  substantial  progress  in  cervical,  colorectal,  breast,  prostate,  and  lung  cancers.  Very 
recently,  the  National  Lung  Screening  Trial  (NLST)  demonstrated  that  spiral  chest  CT  scanning  reduced  lung-cancer  mortality  by 
20%  in  heavy  smokers.  This  finding  is  extremely  important  and  should  be  capitalized  on  by  complementary  targeted  lung-cancer 
chemoprevention  strategies  that  could  further  improve  public  health. 

The  fundamental  concept  of  cancer  chemoprevention,  defined  by  Spom  as  the  use  of  pharmacologic  agents  to  impede,  arrest,  or 
reverse  carcinogenesis  at  earlier,  preinvasive  stages,  was  based  on  the  biological  understanding  that  genetic  and  epigenetic 
alterations  through  multistep  carcinogenesis  and  field  effects  of  carcinogen  exposure  lead  to  cancer.  These  biologic  processes 
comprise  the  hallmarks  of  cancer  development  that  were  well  described  by  Hanahan  and  Weinberg  -  evasion  of  apoptosis,  self 
sufficiency  of  growth  signals,  insensitivity  to  antigrowth  signals,  strong  replication  potential,  and  sustained  angiogenesis. 

Cancer  prevention  trials  of  single  or  combined  molecular-targeted  agents  in  the  breast,  prostate,  and  colorectum  and  of  vaccines  in 
cervical  cancer  have  met  with  very  positive  results.  Several  agents  are  currently  approved  by  the  Food  and  Drug  Administration 
(FDA)  for  treating  precancerous  lesions  or  reducing  the  risk  of  cancer.  These  agents  include  bacillus  Calmette-Guerin  (BCG)  in  the 
bladder,  hormone-related  modulators  to  prevent  breast  cancer,  nonsteroidal  anti-inflammatory  drugs  to  prevent  colorectal  and  skin 
cancers,  and  human  papillomavirus  vaccines  to  prevent  cervical  cancer.  Other  agents,  not  FDA  approved,  also  are  established  for 
reducing  cancer  risk  in  definitive  phase  III  prevention  trials. 

Despite  the  availability  of  these  agents  to  reduce  some  cancer  risks,  many  are  not  accepted  for  cancer  prevention  by  the  public 
because  of  concerns  over  their  toxicity  and  the  need  for  long-term  treatment.  These  agents  can  have  paradoxical  biologic  effects; 
e.g.,  tamoxifen  reduces  estrogen-receptor-positive  breast  cancer  but  increases  endometrial  cancer,  and  finasteride  reduces  prostate 
cancer  incidence  but  appeared  in  initial  reports  to  induce  high-grade  prostate  cancer.  Therefore,  cancer  chemoprevention,  in  contrast 
to  chemoprevention  of  cardiovascular  disease  with  statins  or  antihypertensive  agents,  is  highly  controversial  even  in  the  setting  of 
high-risk  individuals.  This  controversy  should  be  openly  debated  in  regard  to  agent  risk  versus  prevented-cancer  risk  and  agent 
benefit  versus  agent  risk  in  the  primary,  secondary,  and  tertiary  prevention  settings. 

Lung  cancer  is  the  most  lethal  major  cancer,  with  a  16%  5-year  survival  rate  despite  aggressive  combined-modality  treatment.  This 
grim  statistic  has  provided  a  strong  rationale  for  conducting  lung  cancer  chemoprevention  trials  over  the  last  two  decades  and  for  the 
extraordinary  efforts  to  prevent  smoking  and  treat  smoking  addiction.  Many  chemopreventive  agents  (e.g.,  beta-carotene  and  vitamin 
A  and  E)  were  selected  for  clinical  trials  based  largely  on  epidemiologic  data;  many  were  tested  in  large  randomized  controlled  trials 
that  produced  quite  disappointing  results.  Major  reasons  for  the  negative  findings  of  these  trials  were  a  lack  of  understanding  of  the 
molecular  underpinnings,  heterogeneity  of  the  targeted  carcinogenesis  and  insufficient  identification  of  the  drivers  of  cancer 
development  that  could  serve  as  molecular  targets. 

Lung  cancer  incidence  by  smoking  status  is  as  follows:  former  smokers,  50%;  current  smokers,  40%;  and  non-smokers,  10  %.  Lung 
cancer  in  non-  or  former  smokers  is  related  to  EGFR  mutations  and  EML-ALK  fusion  as  major  drivers  toward  lung  carcinogenesis. 
Therefore,  the  rationale  for  using  EGFR  inhibitors  as  chemopreventive  agents  in  mutated  -EGFR  lung  cancer  is  strong  based  on  the 
field  effect  of  mutant  EGFR  in  normal  epithelium  adjacent  to  the  tumor. 

Lung  cancer  presents  one  of  the  biggest  challenges  and  one  of  the  greatest  opportunities  to  make  an  impact  on  the  global  burden  of 
cancer  in  the  future.  Our  increased  understanding  of  the  biology  of  lung  cancer  has  enabled  us  to  develop  biologic  risk  models  and 
identify  new  targeted  agents  for  the  adjuvant  or  preventive  settings  that  will  enable  more  personalized  chemoprevention. 

Recent  data  provide  a  proof  of  principle  of  the  potential  of  pharmacogenetics  to  personalize  cancer  prevention.  These  data  come 
from  genotyping  studies  in,  for  example,  the  head  and  neck  (isotretinoin),  colorectum  (aspirin,  celecoxib,  statins),  prostate 
(selenium),  and  bladder  (BCG).  Similar  personalized  genotyping  approaches  are  being  applied  to  research  in  tobacco  dependence 
and  cancer  therapy. 

We  have  investigated  personalized  targeted  therapy  in  advanced  lung  cancer  in  our  Biomarker-integrated  Approaches  of  Targeted 
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Therapy  for  Lung  Cancer  Elimination  (BATTLE)  trial.  Lessons  learned  from  BATTLE  are  trickling  down  in  a  reverse  migration  to 
the  development  of  a  BATTLE  prevention  strategy.  We  are  in  the  process  of  developing  a  biologic  risk  model  for  recurrence  and 
second  primary  tumors  (SPTs)  through  our  Department  of  Defense  (DoD)-supported  lung  cancer  prevention  programs,  with  parallel 
efforts  to  identify  molecular  drivers  of  recurrence  as  drug  targets.  The  BATTLE  program  could  have  several  roles  in  the  prevention 
setting:  A  model  of  trial  design,  with  its  innovative  Bayesian  statistical  design  and  emphasis  on  biomarker  discovery;  a  discovery 
platform  for  targets,  as  provided  by  its  analyses  of  multiple  blood  and  tissue  biomarkers;  and  a  source  of  experience  with  targeted 
agents  such  as  sorafenib.  Sorafenib  is  a  well-tolerated  oral  multi-kinase  inhibitor  with  potent  antiangiogenic  activity.  Studies  of 
biomarkers  predicting  a  benefit  from  sorafenib  in  the  BATTLE  study  show  a  trend  towards  improved  disease  control  in  patients  with 
KDR  and  PDGFR  amplification,  and  BATTLE  evidence  also  shows  that  circulating  angiogenic  factors  may  predict  for  efficacy  of 
antiangiogenic  agents  such  as  sorafenib.  The  lessons  we  have  learned  from  the  BATTLE  program  may  help  us  in  studying  sorafenib 
and  other  agents  for  cancer  chemoprevention. 

The  first  approach  toward  personalized  lung  cancer  chemoprevention  should  occur  in  the  tertiary  prevention  setting  of  patients  with  a 
history  of  resected  lung  cancer  due  to  the  high  risk  of  these  patients  and  their  accessibility  for  molecular  studies  in  tumor  and 
adjacent  tissue.  These  patients  are  at  high  risk  for  recurrence  and  SPTs,  which  can  be  histologically  and  molecularly  similar  or  even 
indistinguishable  from  one  another.  Histologically  normal  tissue  near  a  tumor  often  has  molecular  abnormalities  due  to  field 
“cancerization”  and/or  clonal  spread  that  may  lead  to  a  second  cancer.  Though  predictive  and  prognostic  signatures  have  been 
described  in  patients  with,  or  at  a  high  risk  of,  lung  cancer,  none  are  currently  used  clinically. 

Using  all  that  we  have  learned  from  our  BATTLE  and  biological  risk-modeling  experience,  we  propose  a  personalized 
chemoprevention  trial  in  the  tertiary  setting  of  resected  lung  cancer:  Biomarker-integrated  Approaches  of  Targeted  Lung-cancer 
Elimination  (BATTLE)  Adjuvant  and  Prevention  Trial.  Following  resection  of  adenocarcinoma,  biomarker  analyses  would  be 
performed  on  tumors  and  adjacent  epithelium.  Treatment  groups  would  be  determined  by  the  molecular  drivers  of  tumorigenesis. 
Patients  whose  tumors  are  driven  by  EGFR  mutations  could  receive  an  EGFR  inhibitor;  KRAS  and  BRAF  mutations,  a  Ras/Raf 
inhibitor;  EML4-ALK  translocation,  an  ALK  inhibitor;  VEGFR  overexpression,  vandetanib  or  other  VEGFR  inhibitors.  Patients 
with  alterations  in  the  PI3K  pathway  could  receive  an  Akt  inhibitor.  Primary  endpoints  would  be  recurrence  and  SPTs.  Secondary 
endpoints  would  be  tolerability,  biomarker  modulation,  and  correlation  of  biomarker  modulation  with  outcome.  Issues  of  dosing  and 
informative  biomarkers  for  patient  selection  must  be  optimized  before  this  trial  can  begin;  nevertheless,  the  basic  BATTLE 
prevention  design  likely  will  become  more  common  in  the  future,  as  our  understanding  of  the  biology  of  lung  cancer  tumorigenesis 
improves. 

In  this  opening  plenary  session,  specific  strategic  directions  of  personalized  targeted  chemoprevention,  including  study  design  issues 
of  the  use  of  spiral  lung  CT  screening,  targeted  agents,  and  clear  endpoints,  will  be  discussed  thoroughly. 
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Identification  of  novel  molecular  markers  for  lung  carcinogenesis,  outcome  and  response  to  therapy  is  expected  to  improve  the 
clinical  management  of  lung  cancer  such  as  non-small  cell  lung  cancer  (NSCLC).  Previously,  we  have  derived  gene  expression 
signatures  indicative  of  differential  gene  expression  among  cells  constituting  an  in  vitro  model  of  human  lung  carcinogenesis 
and  relevant  to  survival  in  NSCLC.  In  this  study  we  assess  the  prognostic  efficacy  of  our  previously  described  six  genes  by 
using  several  prediction  algorithms  and  a  leave-one-out-cross-validation  (LOOCV)  strategy  as  well  as  risk-score  prediction 
models.  The  NCI  Director’s  Challenge  datasets  (n=443)  were  used  as  a  training  set  and  gene  expression  data  of 
adenocarcinomas  from  the  Duke  and  Harvard  cohorts  (DH  cohort;  n=183)  were  pooled  as  a  validation  set.  In  addition,  two 
independent  published  datasets  comprised  of  130  and  58  lung  squamous  cell  carcinomas  (SCCs)  served  as  a  SCC  validation 
cohort.  A  Five-gene  in  vitro  lung  carcinogenesis  model  signature  (FILM)  classifier  was  derived  and  found  to  be  superior  in 
prediction  as  the  lowest  specificity  or  sensitivity  of  the  six  prediction  algorithms  was  0.943.  Importantly,  all  six  prediction 
algorithms  showed  that  the  overall  survival  of  all-stage  or  stage-I  only  human  lung  adenocarcinoma  patients  in  the  DH 
validation  cohort  that  expressed  FILM  was  significantly  poorer  than  that  of  patients  predicted  to  lack  the  signature.  Moreover, 
no  differences  in  overall  survival  between  lung  SCCs  predicted  to  express  or  lack  FILM  were  observed  demonstrating  the 
prognostic  specificity  of  this  classifier  for  lung  adenocarcinomas.  We  then  developed  a  risk  score-prediction  model  for  lung 
adenocarcinoma  based  on  the  Cox  regression  coefficients  and  expression  of  FILM  genes.  Lung  adenocarcinoma  patients 
identified  to  be  at  high  risk  based  on  the  FILM  risk  model  exhibited  significantly  worse  survival  (p=5.4  x  10-7,  100  months 
follow-up)  than  patients  at  low  risk.  For  validation  of  the  FILM  risk  model,  Cox  regression  coefficients  and  the 
dichotomization  cut-off  threshold  generated  from  the  training  cohort  (n=443)  were  directly  applied  to  the  DH  validation  cohort 
(n=183).  All  stages  or  stage-I  only  lung  adenocarcinoma  patients  in  the  validation  cohort  and  predicted  to  be  at  high  risk 
displayed  significantly  worse  survival  than  patients  predicted  to  be  at  low  risk  by  the  FILM  risk  model  (p=0.0006  and 
p=0.0005  of  the  log-rank  test,  respectively).  Our  findings  highlight  a  novel  five-gene  signature  which,  although  derived 
originally  from  an  in  vitro  cell  model,  is  highly  effective  in  predicting  survival  of  lung  adenocarcinoma  patients.  Studies  to 
validate  the  effectiveness  of  FILM  in  predicting,  in  particular,  the  response  of  lung  adenocarcinoma  patients  to  various 
therapies  are  highly  warranted.  Supported  by  DOD  grant  W81XWH-04-1-0142  and  NCI  lung  cancer  SPORE  (P50  CA70907). 

American  Association  for  Cancer  Research 

615  Chestnut  St.  17th  Floor 

Philadelphia,  PA  19106 

Page  1  of  1 


Print  this  Page 


ANNUAL  MEETING 

April  2-6,  2011*  Orange  county  Convention  Center,  Orlando,  Florida 


Presentation  Abstract 


Abstract 

Number: 

3674 

Presentation 

Title: 

Gene  expression  analysis  of  field  of  cancerization  in  early  stage  NSCLC  patients  towards  development  of  biomarkers  for 
personalized  prevention 

Presentation 

Time: 

Tuesday,  Apr  05,  2011,  8:00  AM  -12:00  PM 

Location: 

Exhibit  Hall  A4-C,  Poster  Section  33 

Poster 

Section: 

33 

Poster  Board  6 
Number: 


Author 

Block: 

Humam  Kadara1,  Pierre  Saintigny1,  Youhong  Fan1,  Chi- Wan  Chow1,  ZuoMing  Chu1,  Wenhua  Lang1,  Carmen  Behrens1,  Kathryn 
Gold1,  Diane  Liu1,  J.  Jack  Lee1,  Li  Mao2,  Edward  S.  Kim1,  Waun  K.  Hong1,  Ignacio  I.  Wistuba1.  1UT  MD  Anderson  Cancer 
Center,  Houston,  TX;  2University  of  Maryland,  Baltimore,  MD 

Abstract 

Body: 

Background:  The  identification  of  early  stage  non-small  cell  lung  cancer  (ES  NSCLC)  patients  (pts)  at  higher  risk  for  recurrence  or 
second  primary  tumor  (SPT)  development  is  vital  to  personalizing  prevention  and  therapy.  We  sought  to  decipher  spatial  and 
temporal  patterns  of  gene  expression  in  the  airway  field  of  ever-smoker  ES  NSCLC  pts  to  better  understand  lung  cancer 
pathogenesis  and  predict  recurrence  or  SPT  development. 

Methods:  Pts  on  the  prospective  Vanguard  study  had  definitively  treated  ES  (I/II)  NSCLC,  were  current/former  smokers,  and  had 
bronchoscopies  with  brushings  obtained  from  the  main  carina  (MC)  at  baseline,  12,  and  24  months  following  resective  surgery  and 
from  different  anatomical  regions  at  baseline.  Expression  profiling  is  ongoing  for  all  eligible  pts  (41  pts,  326  samples).  To  query 
temporal  and  spatial  airway  expression  profiles,  two  sets  of  six  pts  were  selected  based  on  complete  processed  time  point  and 
baseline  airway  site  (3  different  sites  per  pt)  arrays  (Affymetrix  Human  Gene  1.0  ST),  respectively.  Temporally  and  spatially 
differentially  expressed  genes  were  independently  identified  based  on  a  p<0.01  of  a  univariate  t-test  with  estimation  of  the  false 
discovery  rate  (FDR),  studied  by  hierarchical  clustering  and  principal  component  analysis  (PC A),  and  functionally  analyzed  using 
network  analysis. 

Results:  871  gene  features  were  differentially  expressed  among  MCs  of  six  NSCLC  pts  at  baseline,  12  and  24  months  and  were 
shown  to  separately  group  the  MCs  as  evident  in  both  cluster  and  PC  analyses.  Moreover,  pathways  analysis  of  the  temporally 
modulated  genes  showed  that  a  gene-network  mediated  by  extracellular  regulated  kinase  (ERK1/2)  was  most  significantly  elevated 
(p<0.001)  in  function  between  MCs  at  24  months  versus  baseline.  763  and  931  gene  features  were  differentially  expressed  between 
MCs  and  adjacent-to-resected  tumors  (ADJ)  airways  and  between  MC,  ADJ  and  non-adjacent  (distant-to-resected  tumor)  (NON- 
AD  J)  airways,  respectively.  Moreover,  pathways  analysis  of  the  spatially  modulated  genes  revealed  that  gene-networks  mediated  by 
nuclear  factor-xB  (NF-kB)  and  ERK 1/2 -mediated  were  most  significantly  elevated  (p<0.001)  in  function  in  ADJ  airway  samples 
versus  MCs.  Furthermore,  PCA  revealed  that  while  ADJ  airway  samples  grouped  separately  and  closely  together,  one  MC  and  3 
NON-ADJ  airway  samples  resided  closely  with  ADJ  samples,  which  were  then  found  to  originate  from  3  pts  with  evidence  of 
recurrence,  SPT  or  suspicion  of  recurrence. 

Conclusions:  Our  findings  highlight  expression  signatures  and  pathways  (ERK  1/2  and  NF-kB)  in  a  “cancerization  field”  that  may 
drive  lung  cancer  pathogenesis  and  be  associated  with  recurrence  or  SPT  development  in  ES  NSCLC  pts  and  thus  useful  for 
derivation  of  biomarkers  to  guide  personalized  prevention  strategies.  Supported  by  DoD  grants  W81XWH-04-1-0142  and 
W81XWH-10-1-1007. 
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Glycosylation  is  one  of  the  most  common  post-translational  protein  modifications  and  plays  a 
fundamental  role  in  a  diverse  set  of  biologic  processes.  These  plasma  glycoproteins  can  be  enriched  using 
lectins,  which  bind  to  specific  sugar  structures.  To  determine  the  utility  of  a  multi-lectin  column,  we 
analyzed  two  independent  sets  of  plasma  samples,  each  consisting  of  400 pi  mixture  of  plasma  from  five 
healthy  controls.  Captured  proteins  in  the  column  were  released  sequentially  using  inhibitory 
carbohydrates  and  collected  stepwise.  The  total  glycoprotein  bound  to  the  column  was  10.9%  of  total 
plasma  proteins  including  2.3%  to  jacalin,  3.7%  to  ConA,  and  4.9%  to  WGA.  Therefore,  this  column 
provides  20-44  folds  enrichment  of  plasma  glycoproteins  in  each  fractionation.  We  further  performed 
two-dimensional  gel  electrophoresis  (2-DE)  and  generated  reproducible  profiles  of  enriched  plasma 
glycoproteins.  Several  major  plasma  proteins,  such  as  albumin,  transferrin,  immunoglobulin  G,  and  al- 
antitrypsin,  were  largely  removed  by  the  enrichment  strategy.  In  the  areas  of  high  molecular  weight 
proteins  on  the  2-DE  gels,  substantially  more  protein  spots  were  visible  in  the  sample  with  enrichment 
than  its  un-enriched  counterpart  (289  spots  vs.  117  for  WGA  fractionation  as  an  example).  Our  results 
demonstrate  that  the  multi-lectin  affmity-2-DE  approach  can  help  visualize  lower-abundant  plasma 
proteins  and  may  improve  the  identification  of  plasma  protein  markers.  This  strategy  has  potential  to  be 
used  to  identify  plasma  protein  markers  associated  with  diseases,  such  as  cancer.  (Supported  in  part  by 
Department  of  Defense  grants  DAMD17-01-1-01689-1  and  W81XWH-04-1-0142;  National  Cancer 
Institute  grants  CA91844  and  CA1 06451) 


Page  2  of  2 


HOME  HELP  FEEDBACK  HOW  TO  CITE  ABSTRACTS  ARCHIVE  CME  INFORMATION  SEARCH 


Cancer  Research 

Clinical  Cancer  Research 

Cancer  Epidemiology  Biomarkers  &  Prevention 

Molecular  Cancer  Therapeutics 

Molecular  Cancer  Research 

Cancer  Prevention  Research 

Cancer  Prevention  Journals  Portal 

Cancer  Reviews  Online 

Annual  Meeting  Education  Book 

Meeting  Abstracts  Online 

Copyright  ©  2006  by  the  American  Association  for  Cancer  Research. 


HOME  HELP  FEEDBACK  HOW  TO  CITE  ABSTRACTS  ARCHIVE  CME  INFORMATION  SEARCH 


Cancer  Research  Clinical  Cancer  Research 

Cancer  Epidemiology  Biomarkers  &  Prevention  Molecular  Cancer  Therapeutics 

Molecular  Cancer  Research  Cancer  Prevention  Research 

Cancer  Prevention  Journals  Portal  Cancer  Reviews  Online 

Annual  Meeting  Education  Book  Meeting  Abstracts  Online 

Institution:  MD  ANDERSON  HOSPITAL  |  Sign  In  via  User  Name/Password 


QUICK  SEARCH:  [advanced] 

Author^  Keyword  (s): 

Gojf  behrens 


100th  AACR  Annual  Meeting-  Apr  18-22,  2009;  Denver,  CO  This  Article 

-  Services 

► 

Endocrinology  1  --  Poster  Presentations  -  Proffered  ► 

Abstracts 

Abstract  #793:  Elevated  epithelial  insulin-  I 

like  growth  factor  expression  is  a  risk  factor 

for  lung  cancer  development  ► 

► 

Woo-Young  Kim,  Quanri  Jin,  Seung-Hyun  Oh,  Edward  Kim, 

Youn  Yang,  Lei  Feng,  Carmen  Behrens,  Ludmila  Prudkin,  York  Miller,  J.  Lee,  Scott  Lippman, 
Waun  Hong,  Ignacio  Wistuba  and  Ho-Young  Lee 

University  of  Texas  M.  D.  Anderson  Cancer  Center,  Houston,  TX;  University  of  Colorado  Denver,  Denver,  CO 

Abstract 

Insulin- like  growth  factor  1  receptor  (IGF-1R)  signaling  has  been  implicated  in  several  human  neoplasms. 
However,  the  role  of  serum  levels  of  insulin-like  growth  factors  (IGFs)  in  lung  cancer  risk  is 
controversial.  Our  study  assessed  the  role  of  tissue-derived  IGFs  in  lung  carcinogenesis.  We  found  that 
IGF-1  and  IGF-2  levels  in  bronchial  tissue  specimens  containing  high-grade  dysplasia  were  significantly 
higher  than  in  those  containing  normal  epithelium,  hyperplasia,  and  squamous  metaplasia.  Derivatives  of 
human  bronchial  epithelial  cell  lines  with  activation  mutation  in  KRAS  (VI 2)  or  loss  of  p53,  genetic 
changes  frequently  observed  during  lung  carcinogenesis,  overexpressed  IGF-1  and  IGF-2.  Tobacco 
carcinogen  (TC)  4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone  (NNK)  enhanced  transformed 
characteristics  of  these  cells,  which  were  significantly  suppressed  by  the  inhibiting  the  action  of  IGF-1, 
IGF-2,  or  the  insulin-like  growth  factor  receptor  (IGFR).  We  further  determined  the  role  of  IGF 
expression  in  lung  tumorigenesis  using  a  mouse  model  with  a  lung-specific  IGF-1  transgene  after 
exposure  to  TCs,  including  urethane  or  NNK  plus  benzo[a]pyrene  (BaP).  Finally,  we  demonstrated 
antitumor  activities  of  the  selective  IGF-1R  tyrosine  kinase  inhibitor  c/'.s-3-[3-(4-methyl-piperazin-l-yl)- 
cyclobutyl]-l-(2-phenyl-quinolin-7-yl)  -imidazo[l,5-a]pyrazin-8-ylamine  (PQIP)  in  IGF-1  transgenic 
mice  carrying  NNK/BaP-induced  lung  tumors.  Our  results  demonstrate  that  airway  epithelial  cells 
produce  IGFs  in  an  autocrine  manner,  and  these  IGFs  act  jointly  with  TCs  to  stimulate  lung 
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carcinogenesis.  Thus,  the  use  of  selective  IGF-1R  inhibitors  may  be  a  rational  approach  to  controlling 
lung  cancer. 

This  work  was  supported  by  National  Institutes  of  Health  grants  R01  CA109520  and  CA100816-01A1  (to 
H.-Y.  Lee);  and  in  part:  by  U.S.  Department  of  Defense  grant  W81XWH-04- 1-0 142-01 -VITAL  (to  W.K. 
Hong);  M.  D.  Anderson  Cancer  Center  Specialized  Programs  of  Research  Excellence  Grant  in  head  and 
neck  cancer  P50  CA58187  (to  W.K.  Hong);  and  a  Department  of  Veterans  Affairs  Merit  Review  Grant 
(both  to  Y.E.M.). 
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Abstract  Background:  The  majority  of  patients  with  non-small  cell  lung  cancer  (NSCLC)  has  responded  poorly  to  epidermal 

Body:  growth  factor  receptor  (EGFR)  tyrosine  kinase  inhibitors  (TKIs).  We  investigated  (1)  the  involvement  of  insulin-like 

growth  factor  1  receptor  (IGF-1R)  signaling  in  primary  resistance  to  EGFR  TKIs  and  (2)  the  molecular  determinants 
of  resistance  to  IGF-1R  TKIs.  Methods:  Phosphorylated  IGF-lR/insulin  receptor  (pIGF-lR/IR)  was 
immunohistochemically  evaluated  in  NSCLC  tissue  microarrays.  The  antitumor  effects  of  IGF-1R  TKIs  (PQIP, 
OSI906),  either  alone  or  in  combination  with  small-molecular  inhibitors  or  siRNA  targeting  K-Ras  or 
MAPK/extracellular  signal-regulated  kinase  kinase  (MEK)  were  analyzed  in  vitro  and  in  vivo  in  4- 
(methylnitrosamino)-l-(3-pyridyl)-l-butanone  (NNK)-transformed  human  bronchial  epithelial  (HBE)  cells  and  in 
NSCLC  cells  with  variable  histologic  features  and  mutations  in  EGFR  or  K-Ras.  Results:  pIGF-lR/IR  expression  in 
NSCLC  specimens  was  positively  correlated  with  presence  of  a  history  of  tobacco  smoking,  squamous  cell  carcinoma, 
mutant  (mut)  K-Ras,  and  wild-type  (wt)  EGFR,  all  of  which  have  been  strongly  associated  with  poor  response  to  EGFR 
TKIs.  IGF-1R  TKIs  exhibited  significant  antitumor  activity  in  NNK-transformed  HBE  cells  and  in  NSCLC  cells 
harboring  wt  EGFR  and  wt  K-Ras,  but  not  those  with  mutations  in  these  genes.  Introduction  of  mut  K-Ras  attenuated 
the  effects  of  IGF-1R  TKIs  on  wt  K-Ras-expressing  NSCLC  cells.  Conversely,  inactivation  of  MEK  restored  sensitivity 
to  IGFR-TKI  in  cells  carrying  mut  K-Ras.  Conclusions:  The  mutation  status  of  both  EGFR  and  K-Ras  could  be  a 
predictive  marker  for  response  to  IGF-1R  TKIs.  Also,  MEK  antagonism  can  abrogate  primary  resistance  of  NSCLC  to 
IGF-1R  TKIs.  This  work  was  supported  by  NIH  grants  R01  CA-109520-01  and  CA-100816  (all  to  H-YL.)  and  in  part 
by  DOD  grant  W81XWH-04-1-0142  VITAL  and  W8XWH-06-1-0303  BATTLE  (W-K  H.) 
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A  response  surface  model  for  drug  combinations 
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When  drugs  having  like  effect  are  given  in  combinations,  investigators  often 
want  to  assess  whether  the  joint  effect  is  additive,  synergistic,  or  antagonistic. 
Several  response  surface  models  (Machado  and  Robinson  1994;  Greco  et  al 
1990;  Carter  et  al.  1988;  Plummer  and  Short  1990)  have  been  proposed  in  the 
literature  by  using  a  single  parameter  to  capture  synergism  or  antagonism.  Limitation 
of  these  models  exists  when  combinations  at  certain  doses  are  synergistic 
while  at  other  doses  of  the  exact  same  drugs  are  antagonistic. 

We  propose  a  response  surface  model,  where  a  function  of  doses  in  a  combination 
Instead  of  a  single  parameter  will  be  used  to  identify  and  quantify  departures  from 
additivity  for  different  combinations.  The  proposed  model  can  be  considered  as 
a  generalized  form  of  Plummer  and  Short’s  model  (1990),  and  could  capture 
all  forms  of  synergism,  antagonism,  and  additivity  at  different  combinations  of 
the  two  drugs.  Examples  will  be  given  to  illustrate  the  advantages  of  using  the 
proposed  method. 
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Detection  of  tumors  at  early  stages  of  lung  carcinogenesis  appears  to  be  an  efficient  approach  to  reduce 
lung  cancer  morbidity  and  mortality  because  patients  diagnosed  with  early  stage  lung  cancer  exhibit  better 
prognosis  than  those  diagnosed  with  advanced  cancers.  Identification  of  biomarkers  in  premalignant  lung 
lesions  is  challenging  due  to  limited  availability  of  adequate  biopsy  samples.  Therefore,  we  hypothesized 
that  certain  genes  that  are  expressed  differentially  among  cultured  cells  representing  different  stages  of 
lung  cancer  progression  can  serve  as  biomarkers  for  early  detection  and  targets  for  clinical  intervention. 
As  an  in  vitro  human  lung  carcinogenesis  model,  we  used  normal  (NHBE),  immortalized  (BEAS-2B  and 
1799),  transformed  (1198),  and  tumorigenic  (1170-1)  human  bronchial  epithelial  (HBE)  cells.  The 
transcriptome  of  these  cells  was  analyzed  using  the  Affymetrix  U133A  GeneChip®.  Subsequent 
bioinformatic  analysis  allowed  us  to  identify  346  up-regulated  genes  and  466  down-regulated  genes  that 
displayed  expression  level  variation  from  NHBE  and  normal  small  airway  epithelial  cells  (SAEC)  to  the 
tumorigenic  cell  line  (1170-1).  Functional  pathway  analysis  of  the  gene  array  data  revealed  modulation  of 
expression  of  many  genes  involved  in  cell  cycle,  DNA  regulation,  cell  adhesion,  and  enzymatic  pathways. 
Several  genes,  mainly  related  to  cell  cycle  (e.g.,  G2/M)  or  DNA  replication,  have  previously  been  related 
to  chromosomal  instability  and  to  cancer  prognosis,  and  other  genes  such  as  PCNA  and  MCM2  have  also 
been  reported  to  be  up-regulated  in  preneoplastic  tissues  consistent  with  our  findings.  The  differential 
expression  of  putative  biomarkers  (UBE2C,  MCM2,  MCM6,  BIRC5,  FEN-1,  TPX2,  SFN,  S100A8  and 
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S100A4)  was  confirmed  at  the  mRNA  and  protein  levels  in  the  premalignant  cell  line  model  as  well  as  in 
cell  lines  derived  from  human  lung  cancers  by  quantitative  real-time  PCR  and  Western  blotting, 
respectively.  We  also  analyzed  the  expression  levels  of  those  genes,  using  quantitative  real  time -PCR,  in 
41  non-small  cell  lung  carcinomas  (NSCLC)  and  their  non-tumoral  counterparts.  Furthermore,  the 
expression  levels  of  ubiquitin-conjugating  enzyme  E2C  (UBE2C),  mini-chromosome  maintenance  2 
(MCM2),  Flap  Endonuclease- 1  (FEN-1),  and  SI 00  calcium  binding  protein  A4  (S100A4)  were  assessed 
by  immunohistochemistry  in  several  normal,  preneoplastic,  and  neoplastic  human  lung  tissues.  Although 
many  of  the  potential  biomarkers  have  to  be  validated  in  a  larger  collection  of  human  lung  cancer  and 
premalignant  lesions,  our  findings  demonstrate  that  this  in  vitro  human  lung  carcinogenesis  model  is  a 
useful  system  for  discovering  potential  early  and  late  biomarkers  of  lung  carcinogenesis  and  putative 
targets  for  chemoprevention.  Supported  in  part  by  Department  of  Defense  grant  DAMD  W81XWH-04-1- 
0142. 


This  Article 
Services 

►  Similar  articles  in  this  journal 

►  Download  to  citation  manager 

Google  Scholar 

►  Articles  by  Lacroix,  L. 

►  Articles  by  Lotan,  R. 

PubMed 

►  Articles  by  Lacroix.  L. 

►  Articles  by  Lotan.  R. 


HOME  HELP  FEEDBACK  HOW  TO  CITE  ABSTRACTS  ARCHIVE  CME  INFORMATION  SEARCH 


Cancer  Research 

Cancer  Epidemiology  Biomarkers  &  Prevention 
Molecular  Cancer  Research 
Cancer  Prevention  Journals  Portal 
Annual  Meeting  Education  Book 


Clinical  Cancer  Research 
Molecular  Cancer  Therapeutics 
Cancer  Prevention  Research 
Cancer  Reviews  Online 
Meeting  Abstracts  Online 


QUICK  SEARCH:  [advanced] 


Author:  Keyword(s): 

Go  ||tang 


Institution:  MD  ANDERSON  HOSPITAL  |  Sign  In  via  User  Name/Password 


99th  AACR  Annual  Meeting-  Apr  12-16,  2008;  San  Diego,  CA 


This  Article 


Services 


Molecular  Correlates  1:  Poster  Presentations  -  Proffered 
Abstracts 


►  Similar  articles  in  this  journal 

►  Download  to  citation  manager 


Google  Scholar 


Abstract  #2166 


►  Articles  by  Li,  X. 

►  Articles  by  Wistuba,  I. 


STAT1  protein  frequently  overexpressed  in 
non-small  cell  lung  carcinoma 


PubMed 


►  Articles  by  Li.  X. 

►  Articles  by  Wistuba.  I. 


Xiaoling  Li,  Ximing  Tang,  carmen  Behrens,  Wenli  Dong,  Natalie  ozburn,  Denise  Woods, 

Guosheng  Yin,  Waun  ki  Hong,  Cesar  Moran  and  Ignacio  Wistuba 

1  UT  MD  Anderson  2  Liaoning  province  Tumor  Hospital,  1  Houston  2  Shenyang  China,  TX,  UT  MD  Anderson,  Houston,  TX 

Despite  recent  advances,  the  prognosis  of  non-small-cell  lung  cancer  (NSCLC)  is  still  dismal.  The 
recurrence  rate  of  early-stage  NSCLC  is  -40%  within  five  years  after  a  potentially  curative  treatment. 
Because  of  the  limited  prognostic  power  of  the  current  pathologic  and  clinical  criteria,  providing  accurate 
molecular  prediction  of  the  clinical  outcome  is  currently  needed.  Recently,  using  cDNA  microarray  and 
RT-PCR  methods  it  has  been  reported  that  the  expression  of  genes  HERS ,  LCK  (lymphocyte-specific 
protein  tyrosine  kinase),  DUSP6  (dual-specificity  phosphatase  6),  and  STAT1  (signal  transducer  and 
activator  transduction  1)  closely  associate  with  recurrence-free  and  overall  survival  among  NSCLC 
patients  (Chen  et  al,  New  Eng  J  Med  2007:  356:1 1-20).  As  only  HER3  protein  expression  has  been 
previously  reported  in  lung  cancer,  we  investigated  the  immunohistochemical  (IHC)  expression  of  those 
four  genes’  proteins  in  a  large  set  of  NSCLC  tissue  microarray  specimens  (N=306;  194  adenocarcinomas 
and  112  squamous  cell  carcinomas),  and  correlate  their  expression  with  clinico-patho logic  features, 
including  prognosis.  Protein  expression  was  examined  semi-quantitatively  using  both  intensity  and 
extension  of  staining,  and  a  final  score  was  calculated  for  each  marker.  HER3  and  DUSP6  proteins  were 
expressed  only  in  the  cytoplasm  of  tumor  cells  (38%  and  78%  of  the  tumors,  respectively),  STAT-1 
expressed  in  both  tumor  and  stromal  cell  compartments  (55%  of  tumors  in  each  compartment),  and  LCK 
expressed  only  in  inflammatory  stromal  cells  (85%  of  tumors).  None  of  the  markers  expression  correlated 
with  patients’  recurrence-free  and  overall  survival.  STAT1  expression  was  lost  in  45%  of  NSCLCs  and 
was  significantly  lower  in  patients  with  squamous  cell  carcinoma  compared  to  adenocarcinoma  (P=0.01), 
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non-smoking  history  compared  to  smokers  (P=0.0015),  and  in  more  advanced  TNM  stages  (P=0.015). 

Our  findings  point  out  the  difficulties  of  validation  gene  expression  data  using  protein  expression  analysis 
and  that  tissue -based  in  situ  methodologies  are  important  to  identify  the  type  of  cells  expressing  specific 
molecular  markers.  We  have  confirmed  at  protein  level  that  STAT1  is  frequently  lost  in  NSCLC  tumor 
tissues  and  the  pattern  of  immunostaining  in  tumor  cells  is  compatible  with  tumor  suppressor  gene  activity 
and  may  represent  a  novel  tumor  suppressor  gene  for  this  neoplasm  (Supported  by  Grant  D0D-W8IXWH- 
04-1-0142  and  W81XWH-05-2-0027). 
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Abstract 

Lung  cancer  has  been  reported  as  causing  the  highest  cancer  mortality  in  both  sexes  worldwide.  Early 
detection  and/or  development  of  clinically  efficient  novel  preventive/therapeutic  targets  for  lung  cancer 
are  urgently  required  to  reduce  the  high  mortality  rate  associated  with  this  disease.  During  the 
development  of  squamous  cell  carcinoma  (SCC)  in  the  lung,  bronchial  epithelial  cells  exhibit  a 
progressive  series  of  morphologically  distinct  changes:  hyperplasia,  squamous  metaplasia,  dysplasia, 
carcinoma  in  situ,  and  finally  invasive  SCC.  Here,  we  investigated  molecular  mechanisms  involved  in 
hyperplasia  of  bronchial  epithelial  cells.  We  demonstrated  that  ErbBl  ligands,  including  epidermal  growth 
factor  (EGF),  TGF-alpha,  and  amphiregulin,  completely  disrupted  apical-basal  polarity  and  induces 
hyperplasia  of  normal  human  tracheobronchial  epithelial  (NHTBE)  cells.  EGF-induced  hyperplasia  was 
completely  blocked  by  an  EGFR  inhibitor,  erlotinib,  and  MEK1/2  inhibitor,  U0126,  suggesting 
involvement  of  MEK-ERK  signaling.  Further  studies  showed  that  EGF  substantially  upregulated  cyclin 
D1  and  these  inhibitors  completely  blocked  the  upregulation.  Promoter  analysis  of  cyclin  D1  revealed  that 
Ap-1  transcription  factor  regulates  the  overexpression  of  cyclin  Dl.  Depletion  of  AP-1  component  c-Jun 
using  siRNA  completely  abrogated  EGF-induced  cyclin  Dl  expression  and  also  inhibited  EGF-induced 
hyperplasia  in  NHTBE  cells.  In  conclusion,  we  showed  that  EGF  induced  hyperplasia  of  primary 
bronchial  epithelial  cells  and  AP-1  plays  a  crucial  role  in  lung  carcinogenesis. 

Grant  Support:  Department  of  Defense  VITAL  grant  (W81XWH-04-1-0142). 
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The  proteasome  inhibitor  PS-341  (Bortezomib  or  Velcade),  an  approved  drug  for  treatment  of  patients 
with  multiple  myeloma,  is  currently  being  tested  in  clinical  trials  against  various  malignancies  including 
lung  cancer.  Preclinical  studies  have  demonstrated  that  PS-341  induces  apoptosis  and  enhances  tumor 
necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL)-induced  apoptosis  in  human  cancer  cells  with 
undefined  mechanisms.  In  the  present  study,  we  focused  on  revealing  the  mechanisms  by  which  PS-341 
induces  apoptosis  and  enhances  TRAIL-induced  apoptosis  in  human  lung  cancer  cells.  PS-341  increased 
cleavage  of  caspase-8  and  apoptosis.  Prevention  of  caspase-8  activation  by  silencing  caspase-8  expression 
using  caspase-8  small  interfering  RNA  (siRNA)  abrogated  PS-341 -induced  apoptosis.  These  results 
indicate  that  PS-341  induces  caspase-8-depenent  apoptosis.  PS-341  induced  expression  of  death  receptor  5 
(DR5)  and  cooperated  with  TRAIL  to  induce  apoptosis  in  human  lung  cancer  cells.  Importantly,  DR5 
induction  by  PS-341  correlated  with  PS-34  l’s  ability  to  induce  apoptosis,  whereas  blockage  of  PS-34 1- 
induced  DR5  upregulation  using  DR5  siRNA  rendered  cells  less  sensitive  to  apoptosis  induced  by  either 
PS-341  or  its  combination  with  TRAIL.  These  results  demonstrate  that  DR5  upregulation  mediates  PS- 
341 -induced  apoptosis  and  enhancement  of  TRAIL-induced  apoptosis  in  human  lung  cancer  cells.  We 
exclude  the  involvement  of  c-FLIP  and  survivin  in  mediating  these  events  because  c-FLIP  (i.e.,  FLIPS) 
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and  survivin  protein  levels  were  actually  elevated  upon  exposure  to  PS-341.  Reduction  of  c-FLIP  with  c- 
FLIP  siRNA  sensitized  cells  to  PS-341 -induced  apoptosis,  suggesting  that  c-FLIP  elevation  protects  cells 
from  PS-341 -induced  apoptosis.  Thus,  the  present  study  highlights  the  important  role  of  DR5  upregulation 
in  PS-341 -induced  apoptosis  and  enhancement  of  TRAIL-induced  apoptosis.  (Supported  by  GCC 
Distinguished  Cancer  Scholar  award  and  DOD  grant  W81XWH-04- 1-0 142- VITAL) 


This  Article 
Services 

►  Similar  articles  in  this  journal 

►  Download  to  citation  manager 

Google  Scholar 

►  Articles  by  Liu,  X. 

►  Articles  by  Sun,  S.-y. 

PubMed 

►  Articles  by  Liu,  X. 

►  Articles  by  Sun,  S.-y. 


Page  1  of 2 


AACR  Meeting 
Abstracts  Online 


HOME  HELP  FEEDBACK  HOW  TO  CITE  ABSTRACTS  ARCHIVE  CME  INFORMATION  SEARCH 


Cancer  Research  Clinical  Cancer  Research 

Cancer  Epidemiology  Biomarkers  &  Prevention  Molecular  Cancer  Therapeutics 

Molecular  Cancer  Research  Cancer  Prevention  Research 

Cancer  Prevention  Journals  Portal  Cancer  Reviews  Online 

Annual  Meeting  Education  Book  Meeting  Abstracts  Online 


QUICK  SEARCH:  [advanced] 

Author^  Keyword  (s): 

Gojf  khuri 


Institution:  MD  ANDERSON  HOSPITAL  |  Sign  In  via  User  Name/Password 


[Proc  Amer  Assoc  Cancer  Res,  Volume  47,  2006] 


This  Article 


Cellular  and  Molecular  Biology  10:  Death  Receptors  1 
Abstract  #752 

FLIP  downregulation  and  its  impact  on 
celecoxib-induced  apoptosis  in  human  lung 
cancer  cells 

Xiangguo  Liu,  Ping  Yue,  Fadlo  R.  Khuri  and  Shi-Yong  Sun 

Emory  University  Winship  Cancer  Institute,  Atlanta,  GA 


Services 

►  Similar  articles  in  this  journal 

►  Download  to  citation  manager 

Citing  Articles 

►  Citing  Articles  via  Google  Scholar 

Google  Scholar 

►  Articles  by  Liu.  X. 

►  Articles  by  Sun.  S.-Y. 

►  Search  for  Related  Content 

PubMed 

►  Articles  by  Liu.  X. 

►  Articles  by  Sun,  S.-Y. 


The  cyclooxygenease-2  (COX-2)  inhibitor  celecoxib  is  an  approved  drug  in  the  clinic  for  colon  cancer 
chemoprevention  and  has  been  tested  for  its  chemopreventive  and  therapeutic  efficacy  in  various  clinical 
trials.  Celecoxib  induces  apoptosis  in  a  variety  of  human  cancer  cells  including  lung  cancer  cells.  Our 
previous  work  has  demonstrated  that  celecoxib  upregulates  DR5  expression,  resulting  in  induction  of 
apoptosis  and  enhancement  of  tumor  necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL)-induced 
apoptosis  in  human  lung  cancer  cells  (Liu  et  al,  JNCI,  2004).  In  the  current  study,  we  found  for  the  first 
time  that  celecoxib  downregulated  the  expression  of  FLIPs  (i.e.,  FLIPl  and  FLIPS),  major  negative 

regulators  of  the  death  receptor-mediated  extrinsic  apoptotic  pathway,  in  human  lung  cancer  cells. 
Overexpression  of  FLIPs,  particularly  FLIPl,  inhibited  not  only  celecoxib-induced  apoptosis,  but  also 

apoptosis  induced  by  the  combination  of  celecoxib  and  TRAIL.  These  results  thus  indicate  that  FLIP 
downregulation  also  contributes  to  celecoxib-induced  apoptosis  and  enhancement  of  TRAIL-induced 
apoptosis,  which  compliment  our  previous  finding  that  the  DR5-mediated  extrinsic  apoptotic  pathway 
plays  a  critical  role  in  celecoxib-induced  apoptosis  in  human  lung  cancer  cells.  Collectively,  we  conclude 
that  celecoxib  induces  apoptosis  in  human  lung  cancer  cells  through  activation  of  the  extrinsic  apoptotic 
pathway,  primarily  by  induction  of  DR5  and  downregulation  of  FLIP.  (Supported  in  part  by  WCI  faculty 
start-up  research  fund,  GCC  Distinguished  Cancer  Scholar  award  and  DOD  VITAL  grant  W81XWH-04- 
1-0142). 
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The  identification  of  individuals  at  high  risk  for  lung  cancer  is  critical  for  individualized  clinical 
management  and  is  important  for  the  identification  of  suitable  subjects  for  chemoprevention  trials.  Using 
chromosome  in  situ  hybridization  (CISH)  technology,  we  previously  demonstrated  the  presence  of 
chromosomal  instability  and  multifocal  clonal/subclonal  outgrowths  in  the  bronchial  epithelium  of  current 
and  former  smokers.  We  also  verified  the  presence  of  these  clonal/subclonal  outgrowths  in  normal¬ 
appearing  bronchial  epithelium  in  lung  cancer  resections  using  fluorescence  inter-simple  sequence  repeat 
PCR  (FISSR-PCR)  analysis,  a  DNA  fingerprinting  methodology.  To  evaluate  and  compare  FISSR-PCR 
and  CISH  technologies  for  accessing  genetic  instability  and  clonal/subclonal  outgrowth,  we  subjected 
frozen  bronchial  biopsies  obtained  prior  to  entry  onto  a  chemoprevention  trial  to  FISSR-PCR  analysis 
from  sixteen  (16)  current  smokers  without  lung  cancer.  The  group  of  biopsies  from  these  same  individuals 
have  previously  been  analyzed  by  CISH  and  exhibited  a  wide  range  of  chromosomal  changes.  Multiple 
regions  (i.e.,  1-4  areas  each)  of  bronchial  epithelium  and  stroma  were  microdissected,  and  purified 
genomic  DNA  was  analyzed  by  FISSR-PCR  using  three  sets  of  primers  ((CA)gRG,  (CA)gRY,  and  (AGC) 

4Y),  providing  a  maximum  of  350  informative  DNA  bands  of  varying  lengths.  Overall,  we  detected  from 

0  to  55  total  band  changes  per  microdissected  epithelial  region  (median  =1.6  per  100  DNA  bands). 
Different  regions  within  the  same  bronchial  biopsies  showed  both  common  and  distinct  DNA  band 
changes,  suggesting  subclonal  variations  even  within  a  single  biopsy.  We  also  detected  from  0-20  total 
band  changes  per  microdissected  stromal  region  (median  =1.0  per  100  DNA  bands),  suggesting  the 
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presence  of  clonal  outgrowths  even  in  the  stroma.  Interestingly,  bronchial  biopsies  with  high  clonal 
frequencies  showed  increased  clonal  change  in  the  associated  stroma  (p  =0.04,  two-tailed  chi  square). 
Importantly,  bronchial  biopsies  from  individuals  showing  high  clonal  changes  by  FISSR-PCR  also 
showed  evidence  of  high  clonal  change  by  CISH  (R  =  0.3).  These  results  confirm  the  existence  of 
clonal/subclonal  outgrowths  in  both  the  bronchial  epithelium  and  stroma  of  smokers.  With  future 
improvements  in  microdissection,  automated  genomic  DNA  extraction,  and  DNA  sequencing,  FISSR- 
PCR  has  potential  to  be  a  sensitive  method  with  high  dynamic  range  to  detect  clonal/subclonal  outgrowths 
in  lung  tissue.  Such  a  methodology  may  be  of  use  in  identifying  individuals  at  high  risk  for  developing 
lung  cancer.  Supported  in  part  by  DAMD 17-02- 1-0706,  NIH/NCI  CA-91844,  and  EDRN  NCI  CA-86390. 
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Abstract  #2165 

Immunohistochemical  expression  of  estrogen 
and  progesterone  receptors  identifies  a  subset 
of  non-small  cell  lung  cancers  and  correlates 
with  EGFR  Mutations 

Maria  Raso,  Carmen  Behrens,  Suyu  Liu,  Ludmila  Prudkin,  Denisse  Woods,  Natalie  Ozburn, 

Cesar  Moran,  J  Jack  Lee  and  Ignacio  Wistuba 

MD  ANDERSON  CANCER  CENTER,  Houston,  TX 

Estrogen  (ER)  a  and  p  and  progesterone  (PR)  receptors  are  transcription  factors  that  regulate  the 
expression  of  multiple  genes  and  have  been  involved  in  the  pathogenesis  of  non-small  cell  lung  cancer 
(NSCLC).  There  are  conflictive  results  reported  on  the  immunohistochemical  (IHC)  expression  of  ER 
receptors  in  NSCLC  tissue  specimens  using  different  commercially  available  antibodies  (Abs). 
Correlation  between  ER  expression  and  EGFR  mutation  status  has  been  reported  in  lung  cancer  cell  lines. 
Our  aims  were  to  compare  the  IHC  expression  pattern  in  tumor  tissues  of  six  commercially  available  ER 
antibodies  (four  a  and  two  P)  in  a  large  set  (N=317)  of  NSCLCs  tissue  microarrays  containing  201 
adenocarcinomas  and  1 16  squamous  cell  carcinomas,  and  correlate  the  expression  of  ER  and  PR  with 
patients’  clinical-pathologic  characteristics,  and  in  adenocarcinomas  with  EGFR  mutation  status.  The  Abs 
used  were:  a)  ER*:  clone  6F1 1(2  abs),  clone  HC-20  and  clone  1D5N;  b)  ERP:  clone  H-150  and  14C8; 
and,  c)  PR:  polyclonal.  ER  a  and  P  expression  were  detected  in  the  cytoplasm  (ERer  clone  HC-20  and 
clone  lD5N)18%-42%;  ERP  20-98%)  and  the  nucleus  (ERer  5%-36%;  ERP  42-56%)  of  malignant  cells, 
however  the  frequency  of  expression  in  tumors  varied  between  Abs.  PR  expressed  only  at  nuclear  level  in 
63%  of  tumors.  Higher  nuclear  expression  of  most  ERer  Abs  significantly  correlated  with  adenocarcinoma 
tumor  histology,  female  gender  and  never  smoking  history.  The  Ab  raised  against  the  ERer  N-terminus 
protein  (clone  1D5N,  Lab  Vision  Co,  Fremont,  CA)  significantly  correlated  with  all  those  variables  when 
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stained  in  the  nucleus  and  with  worse  recurrence  free  survival  (HR  1.77,  95%  Cl  1.12,  2.82;  P=0.015) 
when  stained  in  the  cytoplasm.  Higher  nuclear  and  cytoplasmic  expressions  of  ERet  Abs  clones  HC-20 
and  1D5N,  and  higher  nuclear  expression  an  ERfi  Ab  clone  H150  correlated  with  the  presence  of  EGFR 
mutation  in  adenocarcinomas  (.P=0.0029  to  <0.00001).  We  conclude  that  both  ERs  and  PR  express  in 
NSCLC,  and  we  identified  Abs  against  ERs  that  distinguish  a  subset  on  NSCLC  having  defined  clinical- 
pathologic  features,  including  EGFR  mutation  in  lung  adenocarcinoma  histology.  Then,  we  studied  the 
expression  of  ER  and  PR  in  the  early  pathogenesis  of  lung  cancer,  and  for  ER  we  selected  one  Ab  for  each 
type  of  receptor  (a  clone  1D5N;  p  clone  H150).  We  found  that  cytoplasmic  ERp  and  nuclear  PR  were 
frequently  expressed  in  the  normal  bronchial  and  bronchiolar  epithelium  (n=194)  adjacent  to  lung 
adenocarcinomas  as  a  field  effect  phenomenon.  Of  interest,  normal  and  hyperplastic  alveolar  cells  did  not 
express  those  receptors,  suggesting  a  cell  type-based  specific  field  abnormality.  Our  findings  suggest  that 
hormonal  receptor  antagonist  therapy  could  be  considered  in  the  development  of  novel  therapeutic  and 
chemopreventive  strategies  in  NSCLC  (Supported  by  Grant  DoD-W81XWH-04- 1-0 142  and  W81XWH- 
05-2-0027). 
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Immunohistochemical  Expression  of  Nuclear  Receptors  PPARy,  LXR-p  and  LRH-1 
in  NSCLC  and  correlation  with  clinicopathologic  features. 

Maria  Gabriela  Raso1,  Yang  Xie2,  Carmen  Behrens1,  Denise  Woods1,  Yang  Jeong2, 
Reza  Mehran1,  David  Mangelsdorf2,  Cesar  Moran1,  John  Minna2,  Ignacio  Wistuba1. 

University  of  Texas  Southwestern,  Hamon  Center  for  Therapeutic  Oncology  Research’ 
Dallas  TX2,  University  of  Texas,  MD  Anderson  Cancer  Center,  Houston  TX1 

Background.  Peroxisome  proliferator  activated  receptor  gamma  (PPARy),  Liver  X 
Receptor  p  (LXR-p),  and  Liver  Receptor  Homolog-1  (LRH-1),  are  members  of  the 
nuclear  receptor  (NR)  super  family  of  ligand  dependent  transcription  factors  that  regulate 
the  expression  of  genes  controlling  physiological  processes.  These  NRs  have  been 
involved  in  cancer  development,  but  not  well  characterized  in  lung  cancer.  Recently,  we 
developed  a  prognostic  signature  based  on  mRNA  expression  analysis  of  NR  in  NSCLC 
tumors  (Jeong  et  al,  unpublished  data).  Our  goal  was  to  investigate  in  a  large  set  of 
NSCLCs  the  immunohistochemical  (IHC)  expression  of  these  three  NRs  and  correlate 
the  expression  with  tumors’  characteristics  and  patients’  clinicopathologic  data. 

Methods.  Tumor  tissue  from  309  NSCLCs  in  tissue  microarrays,  including  196 
adenocarcinomas  (AC)  and  113  squamous  cell  carcinoma  (SCC),  were  analyzed  for 
protein  expression  by  IHC  of  NRs  PPARy,  LXR-p  and  LRH-1.  Protein  expression  was 
quantified  using  a  semi  quantitative  score  (range  0-300),  combining  intensity  and 
extension  of  the  immunostaining. 

Results.  Protein  expression  of  all  three  NR  was  present  in  the  nucleus  and  cytoplasm  of 
malignant  NSCLC  cells.  Different  levels  of  expression  of  these  receptors  were  detected 
by  NSCLC  histology:  adenocarcinomas  expressed  significantly  higher  expression  of 
nuclear  PPARy  (mean  score  AC  35.7;  SSC  16.7;  P<0.001),  while  squamous  cell 
carcinomas  showed  significantly  higher  expression  of  cytoplasmic  PPRy  (mean  score 
AC  4.3;  SCC  33.3;  P<  0.001 )  and  nuclear  LXR-p  (mean  score  AC  127.2;  SCC  147.2; 
P=0.0226).  LRH-1  was  expressed  only  in  the  nucleus  of  squamous  cell  carcinomas  at 
very  low  levels.  Correlative  analysis  of  the  NRs  expression  with  the  clinicopathologic 
features  showed  significant  differences  according  to  gender  and  smoking:  a)  while 
cytoplasmic  expression  of  PPARy  was  significantly  higher  in  males  (P=0.0095),  nuclear 
expression  was  higher  in  females  (P=0.0489);  b)  cytoplasmic  PPAR  y  (P=0.0005)  and 
LRH-1  (P= 0.0255)  were  significantly  higher  in  ever  smokers  compared  with  never 
smokers.  In  stages  I/ll  tumors,  multivariate  analysis  showed  that  higher  levels  of 
cytoplasmic  (HR  1.005;  P=0.0123)  and  nuclear  (HR  1.005;  P=0.0061)  LXR-p  expression 
significantly  correlated  with  worse  disease  free  survival,  and  higher  cytoplasmic  (HR 
1 .004;  P=0.01 17)  expression  correlated  with  worse  overall  survival. 

Conclusions.  Our  study  confirms  that  PPARy ,  LXR-p  and  LRH-1  proteins  are  expressed 
in  NSCLC  tissue  specimens.  The  expression  of  these  NRs  correlated  with  NSCLC 
patients’  clinicopathologic  features,  and  LXR-p  expression  correlates  with  patients’ 
outcome.  Finally,  our  study  may  aid  in  the  development  of  prognostic  biomarkers,  and 
identification  of  new  therapeutic  targets  for  prevention  and  treatment  of  NSCLCs. 
Supported  by  grants  DoD  W81XWH-04-1-0142  and  UT-Lung  SPORE  P50CA70907. 
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immmobilized  metal  ion  adsorption 
chromatography 

Hening  Ren,  David  Hawke,  Zuo  M  Chu  and  Li  Mao 

UT  MD  Anderson  Cancer  Center,  Houston,  TX 


►  Similar  articles  in  this  journal 

►  Download  to  citation  manager 

Citing  Articles 

►  Citing  Articles  via  Google  Scholar 

Google  Scholar 

►  Articles  by  Ren,  H. 

►  Articles  by  Mao.  L. 

►  Search  for  Related  Content 

PubMed 

►  Articles  by  Ren,  H. 

►  Articles  by  Mao,  L. 


Understanding  the  molecular  process  of  lung  cancer  development  is  important  for  development  of  novel 
diagnostic,  preventive,  and  therapeutic  strategies.  Proteomics  is  a  promissing  approache  to  extend  such 
understanding.  One  of  the  major  limitations  of  this  approache  is  the  inability  to  reveal  and  identify  lower 
abundant  proteins.  Fractionation  and  enrichment  of  cancer  proteome  is  a  logic  step  in  expanding  the 
application  of  proteomics  in  tumor  classification  and  biomarker  discovery.  Immobilized  metal  ion 
adsorption  chromatography  (IMAC),  also  know  as  metal  chelate  affinity  chromatography  (MCAC), 
selectively  enrich  proteins  with  exposed  surface  histidine,  cysteine,  and  tryptophan.  To  test  the  utility  of 
IMAC  in  protein  marker  identification,  we  performed  IMAC  enrichment  using  proteins  extracted  from  4 
lung  cancer  cell  lines  and  4  immortalized  human  bronchia  epithelia  (HBE)  cell  lines,  followed  by  2- 
dimensional  electrophoresis  (2DE)  of  the  enriched  proteins.  Using  this  strategy,  we  observed  substantially 
more  proteins  differentially  presented  between  the  two  groups  of  cell  lines.  More  than  100  such  proteins 
were  revealed  when  a  broad  range  (pH  3-10)  isoelectric  focusing  condition  was  used.  The  identities  of  33 
of  the  protein  spots  were  further  characterized  by  tandem  mass  spectrometry.  Many  of  the  proteins  were 
low  abundant  proteins.  Among  them,  stratifin,  thioredoxin  peroxidase,  and  guanine  monophosphate 
synthetase,  have  transcript  abundance  ranging  from  0.3%  to  5%  of  the  abundance  of  the  actin  transcript  in 
lung  tissues.  Our  results  demonstrate  a  utility  of  IMAC-2DE  approach  in  proteomics  analysis  of 
tumorigenic  processes.  (Supported  by  Department  of  Defense  grant  W81XWH-04-1-0142) 
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Abstract 

Body: 

Background:  CXCR2  plays  an  important  role  in  inflammation,  and  stimulation  of  CXCR2-expressing  endothelial  cells  by  ELR+ 

CXC  chemokines  promotes  angiogenesis.  Our  goal  was  to  study  the  expression  of  CXCR2  by  tumor  cells  and  its  impact  on 
prognosis  in  NSCLC.  Material  and  Methods:  CXCR2  expression  was  determined  using  immunohistochemistry  and  a  large  set  of 
tissue  microarray  including  458  NSCLC.  The  association  between  cytoplasmic  CXCR2  (cCXCR2)  expression  in  tumor  cells  and 
clinico-pathological  factors  as  well  as  survival  was  analyzed.  Distribution  of  CXCR2  and  its  ligands  (IL8,  CXCL1,  CXCL2,  CXCL3, 
CXCL5,  CXCL6  and  CXCL7)  gene  expression  was  studied  using  publicly  available  gene  expression  profiles  from  52  NSCLC  cell 
lines  (GSE4824)  and  444  lung  adenocarcinomas  (adc)  (NCI  Director’s  Challenge).  To  summarize  the  effect  of  CXCR2/CXCR2 
ligands  biological  axis,  Principal  Component  Analysis  (PCA)  and  unsupervised  hierarchical  clustering  were  performed  using 

CXCR2  and  its  ligands  gene  expression  in  both  cell  lines  and  lung  adc.  The  first  Principal  Component  (PCI)  was  correlated 
(Pearson)  with  the  whole  genome  in  52  NSCLC  cell  lines.  All  genes  were  ranked  according  to  their  correlation  with  PCI,  and  used 
for  Gene  Set  Enrichment  Analysis  (GSEA)  “pre-ranked”  analysis.  Results:  Using  the  median  of  expression  to  dichotomize  the 
patients  in  a  high  versus  low  expression  group,  238  (52.1%)  tumors  expressed  high  cCXCR2.  No  association  was  observed  with 
gender,  race,  smoking  habits,  histology,  and  stage.  High  cCXCR2  was  associated  with  overall  survival  (Hazard  ratio  (HR)  1.5696; 
confidence  interval  (CI)=1. 176-2. 096,  p-value=0.002)  and  recurrence-free  survival  (HR  1.321;  0=1. 027- 1.698,  p-value=0.030)  in  a 
univariate  Cox  proportional  hazards  (CPH)  model.  High  cCXCR2  remained  significant  for  overall  in  a  multicovariate  CPH  after 
adjusting  for  age,  gender,  histology,  stage,  neoadjuvant  chemotherapy  for  overall  survival  (HR  1.465;  0=1.088-1.972,  p- 
value=0.012)  and  a  trend  was  observed  for  recurrence-free  survival  (HR  1.261;  0=0.973-1.633,  p-value=0.080).  Gene  expression 
distribution  of  CXCR2  and  its  ligands  were  strikingly  similar  in  cell  lines  and  lung  adc.  In  both  cases,  hierarchical  clustering  showed 
a  cluster  mostly  driven  by  CXCR2,  CXCL5,  and  CXCL7,  representing  20%  of  the  samples.  PCI  accounted  for  48.25  and  46.15%  of 
the  variation  of  the  PCA  in  cell  lines  and  lung  adc  respectively.  KRAS  and  NFKB  oncogenic  pathways  were  the  top  2  gene  sets 
associated  with  PCI.  Using  the  median  as  a  cutoff,  PCI  was  associated  with  a  worse  overall  survival  in  444  lung  adc  (Log-rank 
P=0.006).  Conclusion:  cCXCR2  expression  in  NSCLC  tumor  cells  is  frequent  and  associated  with  an  adverse  outcome. 
CXCR2/CXCR2  ligands  biological  axis  may  be  associated  with  an  activation  of  KRAS  and  NFKB  pathways,  and  a  poor  prognosis  in 
lung  adc.  Funding  Source:  Department  of  Defense-VITAL. 
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Abstract  #5046 

microRNA  (miRNA)  species  differentially 
expressed  between  immortalized  normal  ► 
bronchial  epithelial  cells  and  non-small  cell 
lung  cancer  (NSCLC)  cells 

Pierre  Saintigny,  Hening  Ren,  Xiaochuan  Zou  and  Li  Mao 

University  of  Texas  MD  Anderson  Cancer  Center,  Houston,  TX,  LC  Sciences,  LLC,  Houston,  TX 

Background:  miRNAs  are  involved  in  the  regulation  of  gene  expression  during  development  and 
carcinogenesis.  Although  previous  studies  have  compared  miRNA  expression  profiles  between  NSCLC 
tissues  and  the  corresponding  normal  lungs,  the  complex  cellular  structures  of  the  normal  lung  tissues  may 
complicate  data  interpretation,  which  may  impact  the  accuracy  of  conclusions  and  direction  of  future 
studies.  The  objective  of  this  study  is  to  identify  differentially  expressed  miRNAs  between  normal  and 
malignant  lung  epithelial  cells  using  immortalized  normal  bronchial  epithelial  cell  lines  and  NSCLC  cell 
lines  and  to  determine  biological  roles  of  the  differentially  expressed  miRNAs  in  lung  tumorigenesis. 
Methods'.  Four  immortalized  Human  Bronchial  Epithelial  Cell  (HBEC)  lines  and  four  NSCLC  cell  lines 
were  used.  HBEC  cells  were  cultured  with  Keratinocyte-SFM  media  system  whereas  NSCLC  cells  were 
cultured  with  DMEM/F-12  low  glucose  supplemented  and  5%  fetal  bovine  serum.  Total  RNA  was 
extracted  using  mirW ana™  miRNA  Isolation  Kit  (Ambion,  Austin,  TX).  Microarray  fabrication, 
hybridization,  and  data  acquisition  were  performed  at  LC  Sciences  (Houston,  TX  USA).  The  expression 
profiles  of  445  unique  mature  miRNAs  were  determined.  The  expression  ratios  between  the  two  groups  of 
samples  were  analyzed  and  differentially  expressed  miRNAs  with  P  values  <  0.01  were  considered 
significant.  Results :  Fourteen  of  the  445  miRNAs  were  differentially  expressed  including  5  down- 
regulated  and  9  up-regulated  in  NSCLC  cells  compared  to  HBEC  cells.  Interestingly,  4  of  the  5  down- 
regulated  miRNAs  (let-7a,  let-7c,  miR-126,  and  miR-30a-5p)  have  been  reported  down-regulated  in 
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NSCLC  whereas  only  1  (miR-17-3p)  of  the  9  up-regulated  miRNAs  has  been  documented  to  be  up- 
regulated  in  NSCLC  previously.  Conclusions :  We  revealed  a  panel  of  differentially  expressed  miRNAs 
potentially  important  in  lung  cancer  initiation  and  progression.  The  low  concordance  of  the  up-regulated 
miRNAs  identified  here  compared  to  those  found  using  tumor/normal  tissues  suggests  a  contribution  of 
the  non-epithelial  components  of  the  normal  lung  tissues.  Further  studies  are  needed  to  determine 
expression  of  the  candidate  miRNAs  in  primary  bronchial  epithelial  cells  and  NSCLC  and  to  determine 
the  biological  roles  of  the  candidate  miRNAs  in  lung  cancer  initiation  and  progression.  (This  work  is 
supported  by  Department  of  Defense  grant:  W81XWH-04-1-0142) 
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Purpose:  To  evaluate  the  oncogenic  impact  of  p53  knockdown,  mutant  K-RASV12,  mutant  EGFR  alone 
and  their  combination  on  tumorigenicity  of  a  newly  developed  immortalized  human  bronchial  epithelial 
cell  line.  Background:  Molecular  analysis  of  lung  cancer  has  revealed  several  genetic  and  epigenetic 
alterations  in  the  multistep  pathogenesis  of  lung  cancer.  However,  little  is  known  about  the  relative 
importance  of  each  individual  alteration  on  the  tumorigenic  process.  One  approach  is  to  use  a  model 
system  in  which  the  contribution  of  each  genetic  alteration  to  lung  tumorigenesis  can  be  assessed 
individually  and  combinatorially.  We  have  developed  an  in  vitro  model  system  using  normal  human 
bronchial  epithelial  cells  that  overexpress  Cyclin-dependent  kinase  4  and  human  telomerase.  Ectopic 
expression  of  these  two  genes  enables  the  cells  to  bypass  the  growth  inhibitory  signals  of  the  pl6/Rb 
pathway  and  also  replicative  senescence  induced  by  shortened  telomeres.  We  manipulated  this  cell  line 
(HBEC3),  by  stably  knocking  down  p53  using  RNA  interference,  by  introducing  a  mutant  form  of  K- 
RAS  ,  and  by  introducing  a  mutant  epidermal  growth  factor  receptor  (EGFR),  alone  and  in 
combination.  Methods:  pSuper.retro  vector  was  used  for  p53  knockdown  and  a  mutant  K-RAS  and 
mutant  EGFRs  (EGFRde1746'750  and  EGFRL858R)  were  introduced  using  viral  expression  vectors.  To  test 
the  genetically  manipulated  lines  for  changes  in  their  malignant  potential,  growth  in  liquid  culture,  colony 
formation  ability,  growth  factor  dependence,  and  growth  as  xenografts  in  immuno-compromised  mice 
were  performed.  To  determine  the  effect  of  tyrosine  kinase  inhibitors  (TKIs)  (gefitinib  and  erlotinib)  on 
manipulated  HBEC3  cells  and  to  assess  their  potential  as  chemopreventive  agents,  the  cells  were 


Page  2  of  2 


evaluated  both  in  the  presence  or  absence  of  these  drugs  for  colony  forming  ability.  Results:  Stable 
knockdown  of  p53  and  overexpression  of  mutant  EGFR  were  confirmed  by  immunoblotting  in 

yi 

manipulated  cells.  K-RAS  expression  was  confirmed  by  RFLP  analysis.  p53  knockdown  and  K- 

yi  ^ 

RAS  alone  caused  cells  to  be  less  sensitive  to  contact  inhibition  and  to  be  capable  of  partial  anchorage- 
independent  growth.  The  combination  of  p53  knockdown  and  K-RAS  V12  further  enhanced  the 
tumorigenic  phenotype  by  growth  in  soft  agar  but  failed  to  cause  cells  to  form  tumors  in  nude  mice.  In 
addition,  the  ability  of  both  anchorage-dependent  and-independent  cell  growth  of  HBEC3  cells  was  highly 
dependent  on  epidermal  growth  factor  (EGF)  and  this  ability  was  completely  inhibited  with  TKIs.  Both 
types  of  mutant  EGFRs  enhanced  the  tumorigenic  phenotype  by  growth  in  soft  agar.  Importantly, 
introduction  of  mutant  EGFRl858r  into  the  HBEC3-p53  knockdown  cells  abrogated  EGF  dependence  as 
measured  by  anchorage-independent  colony  formation  ability.  These  results  demonstrate  that  this  isogenic 
in  vitro  model  system  is  a  powerful  approach  for  studying  lung  cancer  development. 
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Purpose:  To  develop  an  in  vitro  model  system  to  study  the  multi-step  pathogenesis  of  lung  cancer. 
Introduction:  We  established  a  series  of  cdk4/hTERT-immortalized  human  bronchial  epithelial  cell  lines 
(HBECs)  which  can  be  genetically  manipulated,  are  able  to  differentiate  into  mature  airway  cells  in 
organotypic  cultures,  but  do  not  form  colonies  in  soft  agar  or  tumors  in  nude  mice.  Previously,  we 
observed  that  combinations  of  p53  knockdown  with  mutant  EGFR  or  with  physiological  levels  of 
oncogenic  KRASV12  progressed  HBECs  part  but  not  all  of  the  way  towards  malignancy.  These  cells  form 
colonies  in  soft  agar,  but  fail  to  form  tumors  in  nude  mice.  In  the  present  study  we  evaluated  various 
combinations  of  oncogenic  manipulation,  higher  levels  of  expression  of  oncogenic  KRASV12,  and  the 
biologic  behavior  of  clones  selected  to  grow  to  large  size  in  soft  agar.  Methods:  HBEC3  immortalized 
with  cdk4  and  hTERT  was  engineered  with  various  vectors  systems  to  have  stable:  p53  knockdown  (with 
shRNA);  PTEN  knockdown;  express  oncogenic  KRASV12  at  physiologic  or  10  fold  higher;  express 
mutant  EGFR  (deletion  and  missense  mutants).  These  were  made  alone  and  in  combination.  These  and 
selected  colonies  were  then  tested  for  soft  agar  colony  formation  and  subcutaneous  and  orthotopic  tumor 
formation  in  nude  mice.  Results:  Without  oncogenic  manipulation  soft  agar  colony  forming  efficiency 

in 

(CFE)  was  <'0.1%.  With  various  oncogenic  manipulations  including  higher  expression  of  KRAS 
alone  soft  agar  colony  CFEs  were  ~3%,  and  the  combination  of  higher  KRAS  and  p53  knockdown 

increased  CFE  to  8%.  None  of  these  were  tumorigenic.  However,  the  combination  of  higher  KRASV12 
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and  p53  knockdown  but  not  high  KRASV12  alone  led  to  development  of  a  subset  of  very  large  soft  agar 
colonies  (-0. 1-0.2%).  These  large  colonies  were  isolated  and  found  to  have  CFE  of  10—15%  with  large 
colony  numbers  increased  10  fold.  5  of  the  large  colonies  were  expanded  and  tested  for  tumorgenicity  and 
2  were  capable  of  forming  subcutaneous  and  orthotopic  (bronchus)  tumors.  Of  interest  one  was  an 
adenocarcinoma  and  the  other  was  a  squamous  cell  carcinoma.  In  addition,  the  adenocarcinoma  expressed 
high  levels  of  KRASV12  and  the  squamous  carcinoma  expressed  normal  levels  of  KRASV12.  Conclusion: 
Multiple  oncogenic  changes  found  in  lung  cancer  (telomerase  expression,  pl6  bypass,  p53  ablation, 
mutant  EGFR,  oncogenic  KRAS)  introduced  into  HBECs  are  still  not  capable  of  full  oncogenic 
transformation.  However,  a  subset  of  cells  selected  for  the  ability  to  form  large  colonies  in  soft  agar  are 
capable  of  tumor  formation  and  tend  to  differentiate  into  two  non-small  cell  lung  cancer  phenotypes 
(adenocarcinoma  and  squamous  cell  cancer).  The  expression,  genetic,  and  epigenetic  changes  as  well  as 
the  stem  cell  like  characteristics  of  these  subsets  of  cells  are  being  investigated  to  delineate  the  key  final 
steps  in  lung  cancer  pathogenesis. 
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Caveolin-1  (CAV1),  an  essential  structural  constituent  of  caveolae  that  plays  an  important  role  in  cellular 
process  such  as  transport  and  signaling,  has  been  implicated  in  the  development  of  several  human  cancers, 
including  lung.  Recently,  CAV1  gene  expression  was  detected  reduced  or  absent  in  95%  of  small  cell  lung 
carcinomas  (SCLC)  whereas  it  was  retained  in  76%  of  non-small  cell  lung  carcinoma  (NSCLC;  squamous 
cell  and  adenocarcinoma)  cell  lines,  suggesting  that  CA  VI  acts  like  a  tumor  suppressor  gene  in  SCLC, 
where  it  appears  to  be  required  for  survival  and  growth  of  NSCLC.  To  better  understand  the  pathogenesis 
of  Caveolin-1  in  the  pathogenesis  of  lung  cancers,  we  investigated  its  cytoplasmic  immunohistochemical 
expression  in  41 1  surgically  resected  and  paraffin-embedded  lung  cancers  placed  in  tissue  microarrays, 
including  268  adenocarcinomas,  1 19  squamous  cell  carcinomas,  and  24  SCLCs.  In  addition,  183  normal 
bronchial  epithelia  (n=33)  and  squamous  preneoplastic  lesions  (n=150)  adjacent  to  NSCLCs  were 
examined.  The  major  findings  were  as  follows:  a)  While  high  level  of  cytoplasmic  immunohistochemical 
expression  of  Caveolin-1  was  detected  in  NSCLC  specimens,  no  expression  was  detected  in  all  SCLCs 
examined,  b)  In  NSCLCs,  the  mean  level  of  expression  was  significantly  (p<0.0001)  higher  in  squamous 
cell  carcinomas  compared  to  adenocarcinomas,  c)  In  adenocarcinomas,  significant  correlation  between 
Caveolin-1  expression  and  smoking  history  was  detected,  with  never  smokers  exhibiting  significant  lower 
levels  compared  to  current  smokers  (p<0.025).  d)  No  correlation  between  lung  cancer  stage  and  overall 
survival  and  Caveolin-1  expression  was  found,  e)  Histologically  normal  epithelium  from  NSCLC  patients 
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demonstrated  a  relatively  high  level  of  Caveolin-1  expression,  and  higher  levels  were  detected  in  high- 
grade  squamous  dysplasias  compared  to  low-grade  dysplasias  and  squamous  metaplasia.  Our  findings 
confirm  and  extend  previous  observations  in  lung  cancer  cell  lines  that  differential  expression  in 
Caveolin-1  is  detected  between  SCLC  and  NSCLC,  and  suggest  different  effect  of  smoking  in  Caveolin-1 
expression  among  the  different  lung  normal  and  neoplastic  cells.  In  addition,  caveolin-1  over-expression 
is  a  frequent  and  early  event  in  the  pathogenesis  of  lung  squamous  cell  carcinomas.  Supported  by  grants 
NIH  SPORE  P50CA70907  and  The  VITAL  Department  of  Defense  grant  W81XWH-04-1-0142. 
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The  Kruppel-like  transcription  factor  6  (KLF6),  a  member  of  the  basic  zinc  finger  transcription  factors,  is 
associated  with  the  control  of  cell  proliferation  and  apoptosis,  possibly  by  directly  regulating  the 
expression  of  p21WAF1/CIP1.  KLF6  is  down  regulated  in  many  cancers  and  is  considered  to  be  a  candidate 
tumor  suppressor  gene.  In  this  study,  we  addressed  the  mechanisms  regulating  KLF6  gene  expression, 
which  are  still  unclear.  First,  we  showed  that  KLF6  expression  is  reduced  at  both  the  mRNA  and  protein 
levels  in  non-small  cell  lung  cancer  (NSCLC)  cells  and  is  inversely  correlated  with  lung  cancer 
progression  in  an  in  vitro  lung  carcinogenesis  model.  Then,  we  attempted  to  increase  KLF6  expression 
using  modulators  of  epigenetic  silencing  including  retinoic  acid,  histone  deacetylase  inhibitors,  and 
demethylating  agent,  however  this  was  not  successful.  Phorbol  12-myristate  13-acetate  (PMA)  was 
reported  to  induce  KLF6  but  the  mechanism  of  this  effect  is  not  known.  We  found  that  PMA  induced 
KLF6  through  activation  of  the  Protein  Kinase  C  (PKC)  ex  /  mitogen-activated  protein  kinase  (MAPK) 
pathway  in  H358  lung  cancer  cells.  Moreover,  KLF6  mediated  the  cell  growth  arrest  induction  by  PMA  or 
the  PKC  activator  Bryostatin-1  through  up-regulation  of  the  cyclin-dependent  kinase  inhibitors  (CDKIs) 
p2 1 WAF1/CIP1 ,  p27^IPl,  and  plS11^46.  Interestingly,  the  combination  of  PMA  or  Bryostatin-1  and  the 
phophatidyl-inositol-3  kinase  (PI3K)  inhibitor  LY294002,  enhanced  KLF6  expression  and  phosphorylated 
levels  of  the  p38MAPK,  as  well  as  induced  cell  growth  arrest  more  than  either  agent  alone.  Furthermore, 
inhibition  by  KLF6  siRNA  of  induction  of  KLF6  by  PMA  partially  protected  the  cells  from  growth 
inhibition,  our  results  highlight  the  key  role  of  KLF6  in  PMA-induced  cell  growth  arrest  in  lung  cancer 
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cells  and  suggest  that  the  combination  of  a  PKC  activator  and  a  PI3K  inhibitor  might  present  a  potential 
novel  lung  cancer  therapy  module  through  up-regulation  of  the  candidate  tumor  suppressor  gene,  KLF6. 
Supported  in  part  by  Department  of  Defense  DAMD  W81XWH-04-1-0142. 
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Lung  adenocarcinoma  is  characterized  by  diagnosis  at  advanced  stages,  and  new  strategies  for  early 
diagnosis  are  needed.  Although  little  is  known  about  the  histological  precursors  and  the  molecular  events 
preceding  the  development  of  lung  adenocarcinoma,  at  least  2  molecular  pathways  have  been  identified: 
KRAS  and  EGFR  mutation;  the  latter  associated  to  non-smoking  and  East  Asian  ethnicity.  We  recently 
reported  that  EGFR  mutations  were  detected  in  normal  bronchial/bronchiolar  epithelium  (NBE)  in  43%  of 
patients  with  EGFR  mutant  lung  adenocarcinomas  (Cancer  Res  65:  7568, 2005),  indicating  that  this 
mutation  represents  an  early  "field"  event  in  the  pathogenesis  of  this  neoplasm.  To  further  investigate  the 
molecular  abnormalities  in  the  lung  respiratory  epithelium  "field"  in  lung  adenocarcinoma,  we  performed 
a  detailed  mapping  analysis  of  KRAS  and  EGFR  mutations  in  NBE  adjacent  to  mutant  and  wild-type 
tumors.  In  NBE  we  correlated  EGFR  mutation  status  with  immunohistochemical  (IHC)  expression  of 
EGFR  and  TTF-1  (a  marker  for  lung  terminal  respiratory  cell  differentiation)  proteins.  We  selected  191 
NBE  sites  obtained  from  50  resected  lung  adenocarcinomas,  including  12  KRAS  mutant,  24  EGFR  mutant 
(12,  East  Asian  ethnicity),  and  14  wild-type  tumors.  KRAS  (codons  12  andl3)  and  EGFR  (exons  19  and 
21)  mutation  analysis  was  performed  by  PCR-sequencing  using  DNA  extracted  from  microdissected 
tissue.  Semi-quantitative  IHC  expression  analysis  of  EGFR,  phosphorylated  EGFR  (p-EGFR)  and  TTF-1 
was  performed.  Our  main  findings  were:  a)  No  KRAS  mutation  was  detected  in  61  NBE  sites  obtained 
from  12  KRAS  mutant  and  1 1  wild-type  tumors,  b)  Examining  more  cases  than  the  previously  published, 
similar  frequency  of  EGFR  mutation  in  NBE  by  patients  (12/24,  50%)  and  by  NBE  site  (22/73,  30%)  were 
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detected  in  EGFR  mutant  adenocarcinomas.  However,  now  we  found  EGFR  mutation  in  6  (1 1%)  NBE 
sites  from  3  (12%)  patients  with  EGFR  wild-type  tumors,  d)  Previously,  the  same  type  of  EGFR  mutation 
was  detected  comparing  NBE  and  corresponding  tumor;  however,  now  we  identified  5  NBE  sites  from  3 
East  Asian  patients  demonstrating  different  mutation  pattern  than  the  corresponding  tumors,  e)  No 
correlation  between  EGFR  and  p-EGFR  expression  and  EGFR  mutation  was  detected  in  NBE,  and, 
interestingly,  13/21  (62%)  of  EGFR  mutant  NBE  sites  did  not  expressed  TTF-1.  Our  findings  indicate  that 
in  lung  adenocarcinoma  a  "field"  defect  phenomenon  is  observed  in  respiratory  epithelium  for  EGFR 
mutation,  but  not  for  KRAS  mutation.  We  have  extended  our  recently  published  findings  by  detecting 
EGFR  mutation  in  NBE  of  a  small  subset  of  East  Asian  patients  with  wild-type  tumors,  and  by  detecting 
some  cases  with  different  mutation  patterns  comparing  NBE  and  corresponding  tumor.  The  finding  that 
most  EGFR  mutant  NBE  lacked  TTF-1  expression  suggests  that  terminal  respiratory  epithelial  cells  may 
not  be  the  only  cell  type  affected  by  EGFR  mutation.  Supported  by  grant  W81XWH0410142. 
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Abstract 


Thyroid  transcription  factor  -1  (TITF-1,  a  lineage-specific  transcription  factor),  and  the  epidermal  growth 
factor  receptor  (EGFR,  a  tyrosine  kinase  membrane  receptor)  have  shown  frequent  gene  amplification  in 
non-small  cell  lung  carcinomas  (NSCLC).  We  investigated  the  clinico-patho logic  characteristics  of 
NSCLCs  having  TITF-1  and  or  EGFR  gene  copy  number  abnormalities  by  examining  gene  copy  number 
status  using  quantitative  polymerase  chain  reaction  (qPCR)  and  DNA  extracted  from  microdissected 
formalin- fixed  and  paraffin-embedded  tissue  from  53  adenocarcinomas  and  29  squamous  cell  carcinomas. 
13-actin  gene  was  used  as  reference.  In  tumors,  gene  copy  ratio  referred  to  fi-actin  ranged  from  0.22  to 
74.93  (median=1.52)  for  TITF-1,  and  0.05  to  6.28  (median=1.51)  for  EGFR.  Ratios  1  to  2  were  defined  as 
normal  gene  copy  number  (NGC).  Ratios  <1  and  >2  were  defined  as  low  gene  copy  (LGC)  and  high  gene 
copy  (HGC)  number,  respectively.  Both,  LGC  and  HGC  categories  were  defined  as  abnormal  gene  copy. 
Similar  frequencies  of  TITF-1  and  EGFR  copy  number  categories  were  detected  comparing 
adenocarcinoma  ( TITF-1 :  LGC  15,  28%;  NGC  20,  38%;  HGC  18,  34%;  EGFR:  LGC  9,  17%;  NGC  27, 
51%;  HGC,  17,  32%)  with  squamous  cell  carcinoma  (TITF-1:  LGC  8,  28%;  NGC  14,  48%;  HGC  7,  24%; 
EGFR  :  LGC  5,  17%;  NGC  18,  62%;  HGC  6,  21%).  We  found  a  statistically  significant  correlation 
between  TITF-1  and  EGFR  copy  numbers  (Spearman  correlation  coefficients. 36,  P=0.0008).  In  both 
tumor  histologies,  neither  TITF-1  nor  EGFR  gene  copy  increase  (ratio  >2)  correlated  with  disease 
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prognosis.  However,  in  adenocarcinomas,  Kaplan-Meier  and  log  rank  tests  revealed  that  the  median  time 
to  death  was  longer  in  patients  with  normal  copy  number  compared  with  those  with  abnormal  copies  for 
TITF-1  (median  4.76  years,  95%  Cl  2.95-NA,  P  =  0.04)  and  EGFR  (4.76  years,  95%  Cl  3.13-  NA, 
P=0.04).  Moreover,  adenocarcinoma  patients  with  combined  TITF-1  and  EGFR  abnormal  copy  showed 
worse  overall  survival  (3.56  years,  95%  Cl  3.13-  NA)  compared  with  patients  with  normal  copy  status 
(median  not  reached,  fMI.003).  In  these  patients,  multicovariate  Cox  modeling  indicated  that  combined 
copy  abnormality  of  both  genes  is  an  independent  factor  for  worse  overall  survival  (HR  4.566,  />=0.0057). 
Our  findings  suggest  that  loss  and  gain  of  TITF1  and  EGFR  are  frequent  abnormalities  in  both 
adenocarcinomas  and  squamous  cell  carcinomas  of  the  lung,  and  in  adenocarcinoma  patients  correlate 
with  disease  outcome.  (Supported  by  Grant  DoD-W81XWH-04-l-0142  and  W81XWH-05-2-0027). 
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Caveolin-1  (Cav-1),  an  essential  structural  constituent  of  caveolae  that  plays  an  important  role  in  cellular 
process  such  as  transport  and  signaling,  has  been  implicated  in  the  development  of  several  cancers, 
including  lung.  Reduction  and  absence  of  Cav-1  expression  has  been  reported  in  almost  all  small  cell  lung 
cancers  (SCLC)  and  a  subset  of  non-small  cell  lung  cancers  (NSCLC),  mostly  due  to  gene  promoter 
methylation.  Although  several  studies  have  provided  information  on  the  molecular  characterization  of 
NSCLC  premalignant  changes,  they  have  been  poorly  documented  for  SCLCs.  For  lung  cancer,  molecular 
changes  commence  in  histologically  normal  epithelium  as  field  effect  phenomenon.  To  better  understand 
the  role  of  CA  VI  gene  in  the  early  pathogenesis  of  lung  cancers  we  investigated  gene  methylation  and 
protein  immunohistochemical  (IHC)  expression  in  the  lung  respiratory  field  by  examining  histologically 
normal  respiratory  epithelia  adjacent  to  lung  tumors.  We  studied  formalin-fixed  surgically  resected  tumor 
specimens  from  100  lung  cancers,  including  40  SCLCs  and  60  NSCLCs  (48  adenocarcinomas,  AC;  12 
squamous  cell  carcinomas,  SCC).  For  CA  VI  methylation  analysis  we  extracted  DNA  from  202  precisely 
microdissected  tissue  sites,  including  101  tumoral  and  101  normal  epithelial  sites  (79  small  bronchi  and 
22  bronchioles).  Among  normal  epithelial  sites,  30  were  located  inside  tumors  (INE),  60  closed  to  tumors 
(<lmm,  ONE),  and  1 1  were  distant  to  tumors  (DNE).  The  DNA  was  undergone  methylation  specific 
polymerase  chain  reaction  for  assessing  CA  VI  methylation  and  the  results  were  confirmed  by  sequencing. 
Cav-1  protein  IHC  expression  was  studied  in  the  same  tumoral  and  epithelial  sites  examined  for 
methylation.  A  high  level  of  CA  VI  methylation  rate  was  detected  in  tumors,  being  more  frequent  in  SCLC 
(100%)  compared  to  AC  (49%)  and  SCC  (50%).  NSCLCs,  but  not  SCLCs,  demonstrated  heterogeneity  in 
CA  VI  methylation  in  all  the  6  cases  in  which  multiple  tumor  sites  were  examined.  CA  VI  methylation  was 
also  frequently  detected  in  histologically  normal  respiratory  epithelia  adjacent  to  lung  tumors,  without 
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differences  in  methylation  frequency  by  lung  tumor  histology  (SCLC  64%,  AC  69%  and  SCC  63%),  and 
type  (bronchi  65%  and  bronchioles  66%)  and  location  (INE  67%,  ONE  66%  and  DNE  64%)  of  respiratory 
structures  examined.  Gene  methylation  was  highly  correlated  with  protein  expression  in  tumor  (90%)  and 
normal  epithelium  (95%)  tissue  sites.  Our  findings  indicate  that  CA  VI  methylation  is  a  frequent  molecular 
abnormality  in  lung  tumors,  especially  SCLC.  The  finding  of  high  frequency  of  Cav-1  abnormalities  in 
normal  bronchial  and  bronchiolar  epithelia  adjacent  to  lung  cancers  suggests  that  CAV1  may  be  involved 
in  the  early  pathogenesis  of  lung  cancer  as  field  effect  phenomenon  (Supported  by  grant  VITAL 
W8 1 XWH-04- 1-0142). 
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Cellular  and  Molecular  Biology  51:  Receptor  Tyrosine 
Kinases  in  Cancer 
Abstract  #4308 

EGFR  tyrosine  kinase  domain  mutations 
are  also  found  in  histologically  normal  lung 
epithelium  of  patients  containing  lung 
adenocarinomas  with  EGFR  mutations 
indicating  a  field  effect 

Ximing  Tang,  Hisayuki  Shigematsu,  Jack  A.  Roth,  John  D.  Minna,  Waun  Ki  Hong,  Adi  F.  Gazdar 
and  Ignacio  I.  Wistuba 

UT  MD  Anderson  Cancer  Center,  Houston,  TX  and  UT-Southwestem  Medial  Center,  Dallas,  TX 

Somatic  mutations  in  the  tyrosine  kinase  domain  (exons  19  to  21)  of  the  EGFR  gene  have  been  associated 
with  a  response  of  lung  cancer  to  EGFR  kinase  inhibitors.  Recent  data  indicate  those  mutations  are 
predominantly  detected  in  lung  adenocarcinomas  arising  in  never  or  lightly  smoking  patients.  Although 
EGFR  gene  amplification  and  protein  over-expression  have  been  reported  in  lung  cancer,  no  correlations 
with  the  recent  discovered  mutations  have  been  established.  Also,  no  one  has  yet  demonstrated  whether 
EGFR  mutation  occur  early  or  late  in  lung  cancer  pathogenesis.  To  understand  the  role  of  EGFR 
mutations  in  the  pathogenesis  of  lung  adenocarcinomas,  we  investigated  the  presence  of  EGFR  gene 
mutation  and  amplification  in  histologically  normal  appearing  bronchial  and  bronchiolar  epithelia  (n=65 
sites)  adjacent  to  14  surgically  resected  lung  adenocarcinomas  harboring  EGFR  mutations  in  exons  19 
(n=8;  6  15-bp  in- frame  deletion;  1  18-bp  in-frame  deletion;  1  point  mutation  E746V  with  21 -bp  in-frame 
deletion)  and  21  (point  mutation  L858R;  n=6).  For  EGFR  mutation  analysis,  DNA  extracted  from 
precisely  microdissected  paraffin-embedded  tumor  tissues  and  adjacent  normal  appearing  epithelia  were 
subjected  to  PCR  and  direct  DNA  sequencing  for  exons  19  and  21.  For  amplification,  FISH  analysis  of 
histology  sections  using  EGFR  and  chromosome  7  centromeric  probes  were  utilized  in  a  subset  of 
adenocarcinoma  cases  (n=6).  EGFR  mutations  in  histologically  normal  bronchial  and  bronchiolar 
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epithelium  were  detected  in  9  out  of  14  (64%)  mutated  lung  adenocarcinoma  patients.  Mutations  in 
normal  epithelium  were  more  frequently  detected  in  tumor  cases  having  the  exon  21  point  mutation  (5/6, 
80%)  compared  to  the  exon  19  in-frame  deletion  (4/8,  50%).  Two  or  more  normal  epithelium  foci 
demonstrating  EGFR  mutations  were  detected  in  7  cases.  All  mutations  detected  were  confirmed  using 
additional  microdissected  samples  and  multiple  independent  sequencing  experiments  in  both  sense  and 
antisense  directions.  EGFR  amplification  was  detected  in  2  out  of  6  (33%)  mutated  lung  tumors  examined, 
and  no  amplification  was  detected  in  the  adjacent  normal  epithelium.  Our  findings  indicate  that  mutation 
of  the  tyrosine  kinase  domain  of  EGFR  is  an  early  event  in  the  pathogenesis  of  a  subset  of  lung 
adenocarcinomas,  and  they  represent  a  field  effect.  Our  preliminary  EGFR  amplification  data  indicate  that 
this  phenomenon  represents  a  less  frequent  and  later  event  compared  to  the  mutation.  Supported  by  grants 
NIH  SPORE  P50CA70907  and  Department  of  Defense  W81XWH-04-1-0142. 
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Abstract  #4952 

TITF-1  gene  amplification  and  protein 
expression  pattern  identify  adenocarcinoma 
of  lung  with  worse  prognosis 

Ximing  Tang,  Menghong  Sun,  Carmen  Behrens,  Ludmina  Prudkin,  Natalie  Ozburn,  Adi  Gazdar, 
Cesar  Moran,  Marileila  Varella-Garcia  and  Ignacio  Wistuba 

UT  M.D.  Anderson  Cancer  Center,  Houston,  TX,  UT  Southwestern  Medical  Center,  Dallas,  TX,  University  of  Colorado, 
Aurora,  CO 

Thyroid  transcription  factor  -1  (TITF-1),  a  lineage-specific  transcription  factor  frequently  overexpressed 
in  lung  adenocarcinoma,  has  been  recently  reported  to  show  gene  amplification  in  a  subset  of  these 
tumors.  To  better  characterize  TITF-1  copy  number  in  non-small  cell  lung  carcinomas  (NSCLC)  and 
correlate  it  with  protein  expression,  we  studied  both  gene  copy  number  and  protein  expression  using 
fluorescent  in  situ  hybridization  (FISH)  and  immunohistochesmistry  stain  (IHC)  assays  in  a  large  series 
(N=324)  of  surgical  resected  NSCLCs  placed  in  tissue  microarrays,  including  205  adenocarcinomas  and 
1 19  squamous  cell  carcinomas.  We  correlated  our  findings  with  patients’  clinico-pathologic 
characteristics,  and  in  a  subset  of  adenocarcinomas  with  EGFR  (exons  19-21)  and  KRAS  (exons  1  and  2) 
mutation  status.  TITF-1  amplification  (FISH+,  clustered  gene  signals)  was  detected  in  19%  (51  out  of  269) 
of  tumors,  without  differences  by  histology  (18%  of  squamous  cell  carcinoma  and  19%  of 
adenocarcinoma).  TITF-1  protein  high  level  expression  (IHC+,  semiquantitative  score  >200,  range  0-300) 
was  detected  exclusively  in  adenocarcinomas  (48%  of  cases),  and  in  this  tumor  type  correlated  with  gene 
amplification  (P=0.005).  No  correlation  between  TITF1  abnormalities  and  patients’  age,  gender,  smoking 
status  and  TNM  stages  was  detected.  In  adenocarcinomas,  IHC+,  but  not  FISH+,  correlated  with  EGFR 
and  KRAS  mutations:  IHC+  was  more  frequently  found  in  EGFR  (16/21,  76%  vs.  59/172,  34%,  /3<0.00 1 ) 


Similar  articles  in  this  journal 

Download  to  citation  manager 

Google  Scholar 

Articles  by  Tang,  X. 

Articles  by  Wistuba,  I. 

PubMed 

Articles  by  Tang,  X. 

Articles  by  Wistuba,  I. 


Page  2  of  2 


and  KRAS  (8/11,  72%  vs.  26/75,  34%,  P=0.016)  mutant  compared  with  wild-types  tumors.  Survival 
analysis  showed  that  for  adenocarcinoma  TITF-1  FISH+  correlated  with  worse  recurrence-free  survival 
(P=0.001),  while  IHC+  correlated  with  better  recurrence-free  survival  (P=0.036).  Our  findings  indicate 
that  TITF-1  amplification  occurs  in  a  subset  of  NSCLCs,  including  both  major  tumor  histologies: 
adenocarcinoma  and  squamous  cell  carcinoma.  The  association  of  TITF1  expression  with  EGFR  and 
KRAS  mutation  in  lung  adenocarcinomas  may  correlate  with  the  peripheral  airway  origin  of  these  tumors. 
Both  TITF-1  gene  amplification  and  protein  expression  correlate  with  NSCLC  patients’  prognosis. 
(Supported  by  Grant  DoD-W81XWH-04-l-0142  and  W81XWH-05-2-0027). 
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EGFR  tyrosine  kinase  (TK)  domain  mutations,  increased  gene  copy  number  and  protein  overexpression 
have  been  associated  to  lung  cancer  pathogenesis  and  correlated  with  response  to  EGFR  TK  inhibitors  in 
lung  adenocarcinoma.  However,  the  sequence  of  these  molecularly  abnormal  events  in  the  pathogenesis 
and  progression  of  lung  adenocarcinoma  is  unknown.  To  elucidate  this  question,  we  performed  a  detailed 
mapping  analysis  correlating  in  the  same  tissue  sites  EGFR  mutation,  gene  copy  number  and  protein 
immunohistochemistry  (IHC)  expression  in  94  formalin-fixed  tissue  sites  comprising  normal 
bronchial/bronchiolar  epithelium  (NBE;  N=22),  primary  tumor  (PT;  N=43)  and  metastasis  (MT;  N=29) 
histologies  obtained  from  9  surgically  resected  EGFR  mutant  (exons  19  and  21)  lung  adenocarcinomas. 
EGFR  mutation  analysis  was  performed  by  PCR  and  direct  sequencing  from  DNA  extracted  from 
precisely  microdissected  tissues.  EGFR  gene  copy  number  analysis  was  performed  using  FISH,  and  high 
level  of  polysomy  and  gene  amplification  were  considered  as  increased  copy  number.  Semi-quantitative 
IHC  expression  analysis  of  cytoplasmic  and  cell  membrane  EGFR  and  phosphorylated  EGFR  (p-EGFR) 
was  performed.  EGFR  mutation  was  found  in  18%  (4/22)  NBE,  91%  (39/43)  PT  and  86%  (25/29)  MT 
sites.  Low  genomic  gain  was  found  in  8  NBE  sites  (37%),  but  increased  copy  number  was  not  detected. 
Of  interest,  the  4  EGFR  mutant  NBE  sites  exhibited  normal  gene  copy  number.  No  difference  in  the 
frequency  of  EGFR  increased  copy  number  was  found  comparing  PT  (39/43,  93%)  and  MT  (25/29,  86%) 
sites.  EGFR  mutation  frequency  (89%  vs.  41%;  P<0.0000)  and  mutant  to  wild-type  ratio  mean  (1.04  vs. 
0.49,  P<0.0001 )  in  the  sequencing  chromatograms  were  significantly  higher  in  tissue  sites  with  increased 


Page  2  of  2 


copy  number  than  areas  with  normal  or  low  genomic  gain.  EGFR  mutation  heterogeneity,  with  two  or 
more  mutant  genotypes  in  the  same  tumor  case,  was  found  in  4  out  of  9  (44%)  PT  cases,  and  this 
phenomenon  was  not  observed  in  corresponding  MTs.  EGFR  copy  number  heterogeneity  was  more 
frequent  in  PT  than  MT;  however,  significant  copy  number  progression  from  PT  to  MT  was  not  observed. 
Although  no  correlation  was  found  between  EGFR  IHC  and  EGFR  mutation  or  copy  number  status, 
significantly  higher  levels  of  EGFR  and  p-EGFR  IHC  expression  were  detected  in  mutant  MT  compared 
to  PT  sites  (P=  0.005  to  <0.0001).  Our  findings  indicate  that  EGFR  mutation  precedes  genomic  gain  in 
the  sequential  pathogenesis  of  lung  adenocarcinoma.  In  tumor  specimens,  there  was  strong  correlation 
between  EGFR  mutation  and  increased  copy  number.  The  heterogeneity  of  EGFR  mutation  and  gene  copy 
number  in  primary  tumor,  but  not  in  metastasis,  and  the  increased  expression  of  total  and  p-EGFR  IHC  in 
metastasis  sites  are  probably  associated  to  tumor  progression  and  could  have  clinical  implications  when 
these  abnormalities  are  searched  in  small  clinical  specimens.  Supported  by  grants  W81XWH0410142, 


W81XWH0520027. 
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TITF-1  Protein  Expression  Associates  with  Gene  Methylation  and  Gene  Copy  Gain  in 
Non-Small  Cell  Lung  Carcinoma 

Ximing  Tang,  Fei  Yang,  Jianan  Huang,  Denise  Woods,  Alejandro  Corvalan,  Waun  K. 
Hong  and  Ignacio  I.  Wistuba 

UT  MD  Anderson  Cancer  Center,  Houston,  TX  77030,  USA 

Background:  The  thyroid  transcription  factor-1  (TITF-1,  NKX2-1)  is  a  lineage-specific 
transcription  factor  normally  expressed  in  peripheral  pulmonary  epithelial  cells.  TITF-1 
protein  is  frequently  expressed  in  adenocarcinoma,  and  absent  in  squamous  cell  carcinoma 
of  the  lung.  TITF-1  gene  copy  number  gain  (CNG)  has  been  reported  in  a  relatively  small 
subset  of  adenocarcinoma  of  the  lung,  and  we  have  also  recently  detected  this  abnormality 
in  lung  squamous  cell  carcinomas  (Tang  et  al,  unpublished  data).  To  better  characterize  the 
mechanisms  responsible  to  the  different  pattern  of  expression  of  TITF-1  protein  in  these 
two  types  of  non-small  cell  lung  carcinomas  (NSCLC),  we  investigated  the  correlation 
between  protein  expression  with  CNG  and  methylation  abnormalities  in  a  large  series  of 
NSCLC  specimens. 

Methods:  DNA  extracted  from  NSCLC  cell  lines  (n=21)  and  tumor  tissue  (n=173)  samples 
was  analyzed  for  T1TF-X  gene  methylation  by  bisulfite  DNA  sequencing,  CNG  by 
quantitative -PCR  (qPCR),  and  protein  expression  by  immunohistochemistry  (IHC). 

Results:  14  out  of  21  NSCLC  cell  lines  demonstrated  TITF-1  gene  methylation  in  exons  1 
and  2,  but  not  in  the  promoter  region.  In  the  14  methylated  cell  lines,  the  percentage  of 
average  methylation  of  CpG  sites  in  exon  2  (43.9%)  was  much  higher  than  in  exon  1 
(6.7%).  Methylation  was  more  frequently  detected  in  squamous  cell  carcinoma  (48/72, 
72%)  compared  with  adenocarcinoma  (46/106,  43%,  P=0.002).  TITF-1  CNG  was  detected 
in  35%  of  adenocarcinoma  and  25%  of  squamous  cell  carcinoma,  respectively.  In 
adenocarcinomas,  TITF-1  protein  overexpression  was  associated  with  CNG;  while  in  both 
tumor  histologies  reduced  expression  of  the  protein  was  correlated  with  gene  methylation 
(R=-0.4,  .P=0.002).  Of  interest,  nearly  half  of  NSCLC  tumors  with  CNG  also  showed  gene 
methylation.  No  gene  methylation  and  CNG  were  detected  in  non-malignant  lung  tumor 
tissues  adjacent  to  lung  tumors  having  those  abnormalities. 


Conclusion:  Our  findings  indicate  that,  in  NSCLC,  TITF-1  increase  and  lack/reduction  of 
protein  expression  correlates  with  gene  copy  number  gain  and  methylation  of  the  gene, 
respectively,  suggesting  that  these  two  mechanisms  are  important  for  TITF-1  protein 
expression  modulation  in  lung  tumors. 

(Supported  by  Grant  DoD-W81XWH-04-l-0142  and  W81XWH-05-2-0027). 


Expression  of  Stem  Cell  Markers  in  Non-Small  Cell  Lung  Carcinoma 
(NSCLC)  and  Correlation  with  Clinico-pathologic  Features 


Ping  Yuan1,  Carmen  Behrens1,  Jiaoti  Huang2,  Monica  Spinola3,  Ludmila 
Prudkin1,  Wenli  Dong1,  Guosheng  Yin1,  Cesar  Moran1,  Edward  Kim1,  Bin-Bing 
Zhou4,  John  Minna3,  Ignacio  Wistuba1. 

University  of  Texas,  M.  D.  Anderson  Cancer  Center,  Houston  TX1,  University  of 
California  Los  Angeles2,  University  of  Texas  Southwestern  Medical  Center  Dallas 
TX3,  and  Wyeth  Pharmaceuticals,  Pearl  River,  NY4. 

Background.  Cancer  stem  cells  (CSCs)  or  cancer-initiating  cells  represent  a 
minor  population  of  self-renewing  tumor  cells  which  are  believed  to  play  an 
important  role  in  tumor  development,  metastasis  and  resistance  to  therapy. 
Although  some  CSC  markers  have  been  described  in  NSCLC,  there  is  no 
comprehensive  characterization  of  multiple  CSC  markers  in  this  disease.  Our  aim 
was  to  investigate  the  patterns  of  protein  expression  of  a  panel  of  CSC-related 
markers  in  a  large  series  of  NSCLCs,  and  correlate  those  findings  with  patients’ 
clinico-pathologic  characteristics. 

Methods.  We  examined  protein  expression  by  immunohistochemistry  (IHC)  of 
287  NSCLCs  (178  adenocarcinoma,  and  109  squamous  cell  carcinomas  (SCC)) 
of  a  panel  of  nine  CSC  markers:  EZH2,  SOX2,  CD24,  CD44,  C-kit,  HEY1,  Shh, 
BMI-1  and  Oct3/4.  The  patterns  of  expression  of  these  markers  were  correlated 
with  patients  and  tumors’  clinico-pathologic  characteristics,  including  disease 
outcome.  In  the  adenocarcinoma,  CSC  markers  expression  was  correlated  with 
the  EGFR  and  KRAS  mutation  status  of  the  tumors. 

Results.  EZH2,  SOX2,  CD44,  CD24  and  C-kit  were  detected  in  the  tumor  cells. 
The  pattern  of  Immunochemistry  staining  varied  in  each  markers,  EZH2  and 
SOX2  in  nuclei,  CD44  and  CD24  in  membrane,  and  C-kit  in  cytoplasm.  Rare 
cases  had  HEY1  and  Shh  expression.  We  didn’t  find  BMI-1  and  Oct3/4 
expression  in  our  cases.  The  expression  for  these  markers  correlated  with 
certain  clinico-pathologic  characteristics,  including  tumor  histology,  pathological 
stage,  and  patients’  smoking  history.  EZH2,  SOX2  and  CD44  expressions  were 
significantly  higher  in  SCC  than  adenocarcinoma  (P<0. 001),  and  CD24 
expressions  was  significantly  higher  in  adenocarcinoma  than  in  SCC  (P<0.05). 
Patients  with  tobacco  history  showed  significantly  higher  EZH2,  SOX2,  and 
CD24  expression  compared  with  patients  without  tobacco  history  (P  <0.001 , 

P< 0.05).  The  presence  of  EGFR  mutation  in  lung  adenocarcinoma  correlated 
significantly  with  low  EZH2  (P=0.03)  and  high  CD44  (P= 0.032)  expression.  We 
identified  a  subset  of  NSCLCs  having  membrane  CD44+/CD24  low  or  negative 
expression.  Interestingly,  in  multivariate  analysis  using  the  expression  scores  as 
a  continuous  variable,  high  nuclear  expression  of  EZH2  correlated  significantly 
with  worse  recurrence  free  survival  (HR=1.004;  P=0.021)  and  overall  survival 
(HR=1.006;  P=0.017)  in  patients  with  stage  I/ll  adenocarcinoma  who  didn’t 


receive  pretreatment.  Patients  with  CD44+/CD24-  expression  had  worse  overall 
survival  than  other  subtype  in  squamous  cell 
carcinoma  in  male  (HR=2.935,  p=0.037) 

Conclusions.  We  provide  a  characterization  of  multiple  CSC  markers  in  a  large 
series  of  NSCLCs.  Our  findings  indicate  that  a  different  pattern  of  CSC  markers 
expression  is  detected  in  adenocarcinoma  and  squamous  cell  carcinomas  of  the 
lung,  and  their  expression  correlates  with  patients’  clinico-pathologic  features, 
including  survival.  The  understanding  of  the  role  of  CSCs  in  NSCLC  tumor 
development  and  progression  may  provide  opportunities  to  design  novel 
strategies  to  prevent  and  treat  this  disease. 

Supported  by  grants  DoD  W81XWH-04-1-0142,  W81XWH-07-1-0306,  and  UT- 
Lung  SPORE  P50CA70907. 
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Abstract 
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Non-small  cell  lung  cancer  (NSCLC)  represents  the  majority  (85%)  of  lung  cancers  and  is  comprised  mainly  of 
adenocarcinomas  and  squamous  cell  carcinomas  (SCCs).  The  sequential  pathogenesis  of  lung  adenocarcinomas  and  SCCs 
occurs  through  dissimilar  phases  as  the  former  tumors  typically  arise  in  the  lung  periphery  whereas  the  latter  normally  arise 
near  the  central  airway.  We  assessed  the  expression  of  SOX2,  an  embryonic  stem  cell  transcriptional  factor  that  also  plays 
important  roles  in  the  proliferation  of  basal  tracheal  cells  and  whose  expression  is  restricted  to  the  main  and  central  airways 
and  bronchioles  of  the  developing  and  adult  mouse  lung,  in  NSCLC  by  various  methodologies.  Here,  we  found  that  SOX2 
mRNA  levels,  from  various  published  datasets,  were  significantly  elevated  in  lung  SCCs  compared  to  adenocarcinomas  (all 
p<0.001).  Moreover,  a  previously  characterized  OCT4/SOX2/NANOG  signature  effectively  separated  lung  SCCs  from 
adenocarcinomas  following  integration  with  two  independent  publicly  available  gene  expression  microarray  datasets  and 
which  correlated  with  increased  SOX2  mRNA  in  SCCs.  Immunohistochemical  analysis  of  various  histological  lung  tissue 
specimens  demonstrated  marked  nuclear  SOX2  protein  expression  in  all  normal  bronchial  epithelia,  alveolar  bronchiolization 
structures  and  premalignant  lesions  in  SCC  development  (hyperplasia,  dysplasia  and  carcinoma  in  situ )  and  absence  of 
expression  in  all  normal  alveoli  and  atypical  adenomatous  hyperplasias.  Moreover,  SOX2  protein  expression  was  greatly 
higher  in  lung  SCCs  compared  to  adenocarcinomas  following  analyses  in  two  independent  large  tissue  microarray  (TMA)  sets 
(TMA  set  I,  n=287;  TMA  set  II,  n=51 1  both  p<0.001).  Furthermore,  amplification  of  SOX2  DNA  was  detected  in  20%  of  lung 
SCCs  tested  (n=40)  and  in  none  of  the  adenocarcinomas  (n=17).  Our  findings  highlight  a  cell-lineage  gene  expression  pattern 
for  the  stem  cell  transcriptional  factor  SOX2  in  the  pathogenesis  of  lung  SCCs  and  raise  the  intriguing  possibility  of  the 
growth  addiction  of  lung  SCCs  specifically  to  SOX2-dependent  pathways.  Supported  in  part  by  grants  from  the  Department  of 
Defense  (W81XWH-04-1-0142  and  W81XWH-07- 1-03060),  and  the  Specialized  Program  of  Research  Excellence  in  Lung 
Cancer  grant  P50CA70907. 
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Peroxisome  proliferator-activated  receptor  7  (PPAR7)  ligands  are  potential  chemopreventive  agents.  A 
recent  epidemiological  study  has  shown  that  administration  of  PPAR7  ligand  drugs  significantly  reduce 
lung  cancer  risk  and  mortality.  Many  studies  have  shown  that  PPAR7  ligands  induce  apoptosis  in  various 
cell  types  of  cancer  cells  including  lung  cancer  cells.  However,  the  underlying  mechanism(s)  have  not 
been  fully  elucidated.  Some  PPAR7  ligands  have  been  shown  to  downregulate  FLIP  expression  and  thus 
enhance  tumor  necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL)-induced  apoptosis  in  some 
cancer  cell  lines.  In  the  current  study,  we  further  show  that  PPAR7  ligands  induced  the  expression  of 
death  receptor  5  (DR5)  in  addition  to  reducing  FLIP  levels  in  human  lung  cancer  cells.  Moreover,  PPAR7 
ligands  induced  DR5  redistribution  to  membrane  lipid  rafts  demonstrated  by  sucrose  gradient 
ultracentrifugation.  These  agents  cooperated  with  TRAIL  to  enhance  induction  of  apoptosis  in  human 
lung  cancer  cells.  Both  overexpression  of  FLIP  and  knockdown  of  DR5  abrogated  PPAR7  ligand's  ability 
to  enhance  TRAIL-induced  apoptosis.  Thus,  it  appears  that  not  only  FLIP  downregulation  but  also  DR5 
upregulation  and  redistribution  contribute  to  PPAR7  ligand-mediated  enhancement  of  TRAIL-induced 
apoptosis.  In  conclusion,  our  results  suggest  another  mechanism  by  which  PPAR7  ligands  exert  their 
apoptosis-inducing  activity  and  enhance  TRAIL-induced  apoptosis.  (Supported  in  part  by  WCI  faculty 
start-up  research  fund,  GCC  Distinguished  Cancer  Scholar  award  and  DOD  VITAL  grant  W81XWH-04- 
1-0142). 
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Patients:  N=46 

Female  20,  Male  26 
Age:  62.5  ±  8.0  (45,  81.5) 

N=45  for  time  to  event  analysis,  13/45  recurred  or  died 

Markers: 


covariate * 

n 

Mean  ±  std,  median  (min,  max) 

covariate 

n 

Mean  ±  std,  median  (min,  max) 

CXCR2  NOR 

M 

15 

187.11  ±72.04,  200(100,  300) 

pAMPK_NORM 

14 

47.62  ±  59.86,  25  (0,  200) 

CXCR2_GCM 

7 

142.86  ±73.19,  100(100,  300) 

pAMPK_GCM 

9 

36.11  ±48.59,0(0,  100) 

CXCR2_BHG 

35 

151.51  ±72.05,  120  (0,  300) 

pAMPK_BHG 

33 

33.13  ±40.25,  0(0,  100) 

CXCR2_BCH 

44 

165.81  ±  63.8,  166.67  (36.67,  300) 

pAMPK_BCH 

45 

42.77  ±38.97,  40  (0,  133.33) 

CXCR2_SQM 

16 

110.52  ±53.37,  100  (0,  233.33) 

pAMPK_SQM 

16 

12.66  ±27.04,  0(0,  100) 

CXCR2_DYS 

5 

1 15  ±  121.96,  100  (0,  275) 

pAMPK_DYS 

3 

0  ±  0,  0  (0,  0) 

CXCR2  max 

46 

186.88  ±66.15,  200  (60,  300) 

pAMPK_max 

46 

59.08  ±  46.03,  63.33  (0,  200) 

CXCR2_mean 

46 

154.28  ±  61.94,  142.22  (48.33,  300) 

pAMPK_mean 

46 

37.05  ±  32.23,  33.33  (0,  106.67) 

CXCR2_min 

46 

120.89  ±69.83,  100  (0,  300) 

pAMPK_min 

46 

17.1  ±28.44,0(0,  100) 

CXCR2_max4 

46 

184.98  ±65.13,  200  (60,  300) 

pAMPK_max4 

46 

56.69  ±  46.67,  55  (0,  200) 

CXCR2  mean 

4 

46 

162.15  ±  63.59,  145  (48.33,  300) 

pAMPK_mean4 

46 

39.1  ±34.52,  40  (0,  116.67) 

CXCR2_min4 

46 

141.35  ±66.97,  106  (0,  300) 

pAMPK_min4 

46 

23.95  ±31.63,  0(0,  100) 

EpCAM  NOR 

M 

41 

266.52  ±  51.26,  300  (137.5,  300) 

pMTOR_NORM 

22 

175.68  ±  78.36,  170.83  (83.33,  300) 

EpCAM_GCM 

23 

198.48  ±75.8,  200(100,  300) 

pMTOR_GCM 

14 

145  ±90.85,  100  (25,  300) 

EpCAM_BHG 

18 

209.26  ±  88.97,  200  (50,  300) 

pMTOR_BHG 

32 

165.03  ±79.87,  131.67  (0,  300) 

EpCAM_BCH 

34 

263.04  ±  73.6,  300  (50,  300) 

pMTOR_BCH 

44 

185.76  ±  71.49,  200  (26.67,  300) 

EpCAM_SQM 

15 

74.67  ±39.07,  100  (0,  100) 

pMTOR_SQM 

16 

152.81  ±94.41,  130  (0,  300) 

EpCAM_DYS 

2 

65  ±49.5,  65  (30,  100) 

pMTOR_DYS 

3 

158.33  ±  123.32,  100  (75,  300) 

EpCAM_max 

46 

271.97  ±  50.69,  300  (137.5,  300) 

pMTOR_max 

46 

201 .85  ±  77.83,  200  (26.67,  300) 

EpCAM_mean 

46 

229.09  ±  58.73,  237.5  (87.92,  300) 

pMTOR_mean 

46 

168.1 1  ±  66.92,  166.67  (17.22,  300) 

EpCAM_min 

46 

166.52  ±  93.77,  173.33  (0,  300) 

pMTOR_min 

46 

133.19  ±68.27,  100  (0,  300) 

EpCAM_max4 

46 

271.97  ±  50.69,  300  (137.5,  300) 

pMTOR_max4 

46 

200.04  ±  77.42,  200  (26.67,  300) 

i 


covariate * 

n 

Mean  ±  std,  median  (min,  max) 

covariate 

n 

Mean  ±  std,  median  (min,  max) 

EpCAM  mean 

4 

46 

248.07  ±  59.65,  266.67  (87.92,  300) 

pMTOR_mear>4 

46 

171 .44  ±  65.66,  164.58  (17.22,  300) 

EpCAM_min4 

46 

218.41  ±  77.77,  218.33  (50,  300) 

pMTOR_min4 

46 

143.12  ±64.38,  100  (0,  300) 

max  -  maximum  value  of  each  marker  for  each  patient  among  the  multiple  readings  from  6  possible  histologies 
min  --  minimum  value  of  each  marker  for  each  patient  among  the  multiple  readings  from  6  possible  histologies 
mean  -  average  value  of  each  marker  for  each  patient  among  the  multiple  readings  from  6  possible  histologies 


max4  -  maximum  value  of  each  marker  for  each  patient  among  the  multiple  readings  from  4  histologies  (BCH,  BHG,  GCM,  NORM) 
min4  --  minimum  value  of  each  marker  for  each  patient  among  the  multiple  readings  from  4  histologies  (BCH,  BHG,  GCM,  NORM) 
mean4  -  average  value  of  each  marker  for  each  patient  among  the  multiple  readings  from  4histologies  (BCH,  BHG,  GCM,  NORM) 


Markers  -  Dichotomized: 


covariate * 

levels 

N  (%) 

covariate 

levels 

N  (%) 

hi_CXCR2_NORM 

31(.%) 

hi_pAMPK_NORM 

32(.%) 

0 

6(40%) 

0 

7(50%) 

1 

9(60%) 

1 

7(50%) 

hi_CXCR2_BHG 

11(.%) 

hi_pAMPK_BHG 

13(.%) 

0 

17(48.6%) 

1 

33(100%) 

1 

18(51.4%) 

Pos_pAMPK_BHG 

13(.%) 

hi_CXCR2_BCH 

2(.%) 

0 

17(51.5%) 

0 

21(47.7%) 

1 

16(48.5%) 

1 

23(52.3%) 

hi_pAMPK_BCH 

1(.%) 

hi_CXCR2_SQM 

30(.%) 

0 

22(48.9%) 

0 

2(12.5%) 

1 

23(51.1%) 

1 

14(87.5%) 

hi_pAMPK_SQM 

30(.%) 

hi_CXCR2_max 

0 

22(47.8%) 

1 

16(100%) 

1 

24(52.2%) 

pos_pAMPK_SQM 

30(.%) 

hi_CXCR2_mean 

0 

23(50%) 

0 

11(68.8%) 

1 

23(50%) 

1 

5(31.3%) 

hi_CXCR2_min 

0 

10(21.7%) 

hi_pAMPK_max 

0 

23(50%) 

1 

36(78.3%) 

1 

23(50%) 

hi_CXCR2_max4 

0 

22(47.8%) 

hi_pAMPK_mean 

0 

21(45.7%) 

1 

24(52.2%) 

1 

25(54.3%) 

hi_CXCR2_mean4 

0 

23(50%) 

hi_pAMPK_min 

1 

46(100%) 

1 

23(50%) 

pos_pAMPK_min 

0 

32(69.6%) 

hi_CXCR2_min4 

0 

23(50%) 

1 

14(30.4%) 

1 

23(50%) 

hi_pAMPK_max4 

0 

23(50%) 

hi_EpCAM_NORM 

5(.%) 

1 

23(50%) 

0 

17(41.5%) 

hi_pAMPK_mean4 

0 

22(47.8%) 

1 

24(58.5%) 

1 

24(52.2%) 

hi_EpCAM_GCM 

23(.%) 

hi_pAMPK_min4 

1 

46(100%) 

0 

8(34.8%) 

pos_pAMPK_min4 

0 

27(58.7%) 

2 


covariate * 

levels 

N  (%) 

covariate 

levels 

N  (%) 

1 

15(65.2%) 

1 

19(41.3%) 

hi_EpCAM_BHG 

28(.%) 

hi_pMTOR_NORM 

24(.%) 

0 

5(27.8%) 

0 

11(50%) 

1 

13(72.2%) 

1 

11(50%) 

hi_EpCAM_BCH 

12(.%) 

hi_pMTOR_GCM 

32(.%) 

0 

9(26.5%) 

0 

1(7.1%) 

1 

25(73.5%) 

1 

13(92.9%) 

hi_EpCAM_SQM 

31(.%) 

hi_pMTOR_BHG 

14(.%) 

0 

5(33.3%) 

0 

16(50%) 

1 

10(66.7%) 

1 

16(50%) 

hi_EpCAM_max 

0 

14(30.4%) 

hi_pMTOR_BCH 

2(.%) 

1 

32(69.6%) 

0 

18(40.9%) 

hi_EpCAM_mean 

0 

23(50%) 

1 

26(59.1%) 

1 

23(50%) 

hi_pMTOR_SQM 

30(.%) 

hi_EpCAM_min 

0 

23(50%) 

0 

8(50%) 

1 

23(50%) 

1 

8(50%) 

hi_EpCAM_max4 

0 

14(30.4%) 

hi_pMTOR_max 

0 

17(37%) 

1 

32(69.6%) 

1 

29(63%) 

hi_EpCAM_mean4 

0 

22(47.8%) 

hi_pMTOR_mean 

0 

23(50%) 

1 

24(52.2%) 

1 

23(50%) 

hi_EpCAM_min4 

0 

23(50%) 

hi_pMTOR_min 

0 

28(60.9%) 

1 

23(50%) 

1 

18(39.1%) 

hi_pMTOR_max4 

0 

18(39.1%) 

1 

28(60.9%) 

hi_pMTOR_mean4 

0 

23(50%) 

1 

23(50%) 

hi_pMTOR_min4 

0 

24(52.2%) 

1 

22(47.8%) 

hi_  --  Marker  dichotomized  by  it  median 
pos_  --  Positive  reading  vs  0 
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RFS  by  Gender 


Univariate  COX  Models: 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

CXCR2_BCH 

-0.0072 

0.0046 

0.9928 

0.9840 

1.0017 

0.1121 

44 

13 

31 

CXCR2_BHG 

-0.0026 

0.0050 

0.9974 

0.9878 

1.0071 

0.6004 

34 

7 

27 

CXCR2_N0RM 

-0.0015 

0.0058 

0.9985 

0.9871 

1.0099 

0.7919 

15 

6 

9 

CXCR2_SQM 

-0.0111 

0.0104 

0.9890 

0.9690 

1.0094 

0.2876 

16 

4 

12 

CXCR2_max 

-0.0059 

0.0041 

0.9941 

0.9861 

1 .0022 

0.1519 

45 

13 

32 

CXCR2  max4 

-0.0054 

0.0042 

0.9946 

0.9864 

1.0028 

0.1956 

45 

13 

32 

4 


covariate 


Estimate  StdErr  HazardRatio  HRLowerCL  HRUpperCL  pValue  Total  Event  Censored 


CXCR2_mean 

-0.0064 

0.0046 

0.9936 

CXCR2_mean4 

-0.0052 

0.0044 

0.9948 

CXCR2_min 

-0.0046 

0.0040 

0.9954 

CXCR2_min4 

-0.0044 

0.0041 

0.9956 

EpCAM_BCH 

0.0124 

0.0142 

1.0124 

EpCAM_BHG 

0.0128 

0.0106 

1.0129 

EpCAM_GCM 

0.0088 

0.0068 

1.0088 

EpCAM_NORM 

0.0091 

0.0067 

1.0092 

EpCAM_max 

0.0066 

0.0066 

1.0067 

EpCAM_max4 

0.0066 

0.0066 

1.0067 

EpCAM_mean 

0.0107 

0.0062 

1.0107 

EpCAM_mean4 

0.0125 

0.0072 

1.0126 

EpCAM_min 

0.0066 

0.0034 

1.0066 

EpCAM_min4 

0.0116 

0.0049 

1.0116 

Pos_pAMPK_BHG 

-0.0471 

0.7846 

0.9540 

hi_CXCR2_BCH 

-0.3338 

0.5622 

0.7162 

hi_CXCR2_BHG 

0.1850 

0.7705 

1.2032 

h  i_CXC  R2_N  0  R  M 

-0.6051 

0.8193 

0.5460 

h  i_CXC  R2_S  Q  M 

-1.0861 

1.2273 

0.3375 

hi_CXCR2_max 

-0.8099 

0.5753 

0.4449 

hi_CXCR2_max4 

-0.8099 

0.5753 

0.4449 

hi_CXCR2_mean 

-0.2476 

0.5632 

0.7807 

h  i_CXC  R2_m  ea  n4 

-0.2822 

0.5622 

0.7541 

hi_CXCR2_min 

-0.4293 

0.6056 

0.6510 

hi_CXCR2_min4 

-0.2967 

0.5726 

0.7432 

hi_EpCAM_BCH 

0.5765 

1.0807 

1.7799 

hi_EpCAM_NORM 

-0.2082 

0.5706 

0.8120 

hi_EpCAM_max 

-0.2299 

0.5743 

0.7946 

hi_EpCAM_max4 

-0.2299 

0.5743 

0.7946 

hi_EpCAM_mean 

0.5480 

0.5708 

1.7297 

hi_EpCAM_mean4 

0.7955 

0.5824 

2.2156 

hi_EpCAM_min 

1 .2499 

0.6605 

3.4899 

hi_EpCAM_min4 

0.7526 

0.5742 

2.1225 

hi_pAMPK_BCH 

-0.2785 

0.5782 

0.7569 

hi_pAMPK_NORM 

-1.6101 

1.1224 

0.1999 

hi_pAMPK_max 

-0.8427 

0.6060 

0.4305 

hi_pAMPK_max4 

-0.8278 

0.6063 

0.4370 

hi_pAMPK_mean 

-0.2468 

0.5630 

0.7813 

h  i_pAM  P  K_mea  n4 

-0.3583 

0.5781 

0.6988 

hi_pMTOR_BCH 

0.0501 

0.5706 

1.0513 

0.9847 

1.0026 

0.1614 

45 

13 

32 

0.9863 

1.0034 

0.2366 

45 

13 

32 

0.9876 

1.0033 

0.2578 

45 

13 

32 

0.9876 

1.0037 

0.2895 

45 

13 

32 

0.9846 

1.0411 

0.3852 

33 

7 

26 

0.9920 

1 .0342 

0.2273 

17 

3 

14 

0.9954 

1 .0224 

0.1985 

22 

5 

17 

0.9960 

1.0226 

0.1746 

41 

13 

28 

0.9937 

1.0198 

0.3156 

45 

13 

32 

0.9937 

1.0198 

0.3156 

45 

13 

32 

0.9984 

1.0232 

0.0871 

45 

13 

32 

0.9985 

1.0269 

0.0810 

45 

13 

32 

1.0000 

1.0133 

0.0512 

45 

13 

32 

1.0019 

1.0215 

0.0194 

45 

13 

32 

0.2050 

4.4406 

0.9521 

32 

7 

25 

0.2380 

2.1557 

0.5527 

44 

13 

31 

0.2658 

5.4472 

0.8102 

34 

7 

27 

0.1096 

2.7201 

0.4602 

15 

6 

9 

0.0305 

3.7410 

0.3762 

16 

4 

12 

0.1441 

1.3739 

0.1592 

45 

13 

32 

0.1441 

1.3739 

0.1592 

45 

13 

32 

0.2589 

2.3544 

0.6602 

45 

13 

32 

0.2506 

2.2696 

0.6156 

45 

13 

32 

0.1987 

2.1332 

0.4784 

45 

13 

32 

0.2419 

2.2831 

0.6043 

45 

13 

32 

0.2141 

14.7994 

0.5937 

33 

7 

26 

0.2654 

2.4844 

0.7151 

41 

13 

28 

0.2578 

2.4490 

0.6889 

45 

13 

32 

0.2578 

2.4490 

0.6889 

45 

13 

32 

0.5651 

5.2947 

0.3371 

45 

13 

32 

0.7075 

6.9380 

0.1720 

45 

13 

32 

0.9563 

12.7356 

0.0584 

45 

13 

32 

0.6888 

6.5406 

0.1900 

45 

13 

32 

0.2437 

2.3507 

0.6300 

45 

13 

32 

0.0221 

1.8035 

0.1514 

14 

5 

9 

0.1313 

1.4119 

0.1643 

45 

13 

32 

0.1332 

1 .4340 

0.1721 

45 

13 

32 

0.2591 

2.3553 

0.6611 

45 

13 

32 

0.2251 

2.1701 

0.5354 

45 

13 

32 

0.3436 

3.2166 

0.9301 

44 

13 

31 

5 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

hi_pMTOR_BHG 

-0.3227 

0.7644 

0.7242 

0.1619 

3.2400 

0.6729 

31 

7 

24 

hi_pMTOR_GCM 

-1.9356 

1 .4679 

0.1443 

0.0081 

2.5636 

0.1873 

13 

2 

11 

hi_pMTOR_NORM 

-0.3870 

0.7659 

0.6791 

0.1514 

3.0468 

0.6134 

22 

7 

15 

hi_pMTOR_SQM 

0.5878 

1 .2459 

1 .8000 

0.1566 

20.6933 

0.6371 

16 

3 

13 

hi_pMTOR_max 

-0.1377 

0.5704 

0.8713 

0.2849 

2.6651 

0.8092 

45 

13 

32 

hi_pMT0R_max4 

-0.0717 

0.5703 

0.9308 

0.3044 

2.8466 

0.9000 

45 

13 

32 

hi_pMTOR_mean 

0.1570 

0.5566 

1.1701 

0.3930 

3.4831 

0.7778 

45 

13 

32 

hi_pMTOR_mean4 

0.1191 

0.5578 

1.1265 

0.3775 

3.3615 

0.8309 

45 

13 

32 

hi_pMTOR_min 

0.3052 

0.5566 

1 .3569 

0.4558 

4.0396 

0.5834 

45 

13 

32 

hi_pMT0R_min4 

-0.0561 

0.5568 

0.9454 

0.3175 

2.8154 

0.9197 

45 

13 

32 

pAMPK_BCH 

0.0010 

0.0074 

1.0010 

0.9866 

1.0156 

0.8972 

45 

13 

32 

pAMPK_BHG 

0.0012 

0.0103 

1.0012 

0.9812 

1.0216 

0.9055 

32 

7 

25 

pAMPK_NORM 

-0.0209 

0.0151 

0.9793 

0.9508 

1.0087 

0.1656 

14 

5 

9 

pAMPK_SQM 

0.0169 

0.0129 

1.0170 

0.9917 

1.0430 

0.1898 

16 

3 

13 

pAMPK_max 

-0.0037 

0.0062 

0.9963 

0.9843 

1.0085 

0.5525 

45 

13 

32 

pAMPK_max4 

-0.0060 

0.0064 

0.9940 

0.9816 

1.0065 

0.3475 

45 

13 

32 

pAMPK_mean 

-0.0031 

0.0088 

0.9969 

0.9799 

1.0142 

0.7240 

45 

13 

32 

pAMPK_mean4 

-0.0062 

0.0087 

0.9939 

0.9771 

1.0109 

0.4770 

45 

13 

32 

pAMPK_min 

-0.0018 

0.0099 

0.9982 

0.9790 

1.0178 

0.8574 

45 

13 

32 

pAMPK_min4 

-0.0045 

0.0096 

0.9955 

0.9769 

1.0144 

0.6360 

45 

13 

32 

pMTOR_BCH 

-0.0016 

0.0036 

0.9984 

0.9913 

1.0055 

0.6546 

44 

13 

31 

pMTOR_BHG 

0.0001 

0.0045 

1.0001 

0.9913 

1.0090 

0.9867 

31 

7 

24 

pMTOR_GCM 

0.0057 

0.0087 

1.0057 

0.9887 

1.0231 

0.5134 

13 

2 

11 

pMTOR_NORM 

-0.0010 

0.0051 

0.9990 

0.9890 

1.0091 

0.8413 

22 

7 

15 

pMTOR_SQM 

0.0028 

0.0068 

1.0028 

0.9896 

1.0162 

0.6825 

16 

3 

13 

pMTOR_max 

-0.0017 

0.0034 

0.9983 

0.9916 

1.0050 

0.6116 

45 

13 

32 

pMT0R_max4 

-0.0020 

0.0034 

0.9980 

0.9914 

1 .0047 

0.5633 

45 

13 

32 

pMTOR_mean 

0.0015 

0.0042 

1.0015 

0.9934 

1.0098 

0.7124 

45 

13 

32 

pMT0R_mean4 

0.0005 

0.0042 

1.0005 

0.9923 

1.0088 

0.9017 

45 

13 

32 

pMTOR_min 

0.0041 

0.0040 

1.0041 

0.9964 

1.0119 

0.2973 

45 

13 

32 

pMT0R_min4 

0.0030 

0.0042 

1.0030 

0.9947 

1.0114 

0.4760 

45 

13 

32 

pos_pAMPK_SQM 

1 .9452 

1.2396 

6.9951 

0.6160 

79.4305 

0.1166 

16 

3 

13 

pos_pAMPK_min 

0.1089 

0.6030 

1.1151 

0.3420 

3.6352 

0.8567 

45 

13 

32 

pos_p  A  M  P  K_m  i  n4 

0.0595 

0.5761 

1.0613 

0.3431 

3.2828 

0.9178 

45 

13 

32 
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I.  Data: 

We  received  biomarker  readings  from  542  patients.  A  total  of  21  markers  have  been  studied  by 
Drs.  HY  Lee  (IGF1R,  IGFBP3,  InsulinR,  pAKT,  pIGFlR,pSRC,  pmTOR,  pAMPK,  pEGFR, 
pS6),  Lotan  (FEN1,  MCM2,  MCM6,  SFN,  TPX2,  UBE2C)  and  Koo  (CASK,  CD51, 

CXCR2,  EpCAM,  SPP1). 

Merging  patients’  demographic,  diagnosis/histology,  treatment  info  and  follow-up  information 
with  marker  data,  excluding  patients  with  stage  IIIB  and  IV  or  wedge  resection,  a  total  of  370 
patients  are  included  in  this  analysis. 

II.  Statistical  Methods: 

Summary  statistics,  including  frequency  tabulation,  means,  standard  deviations,  median,  and 
range,  were  given  to  describe  subject  characteristics  and  biomarkers.  Wilcoxon  rank  sum  test  or 
Kruskal- Wallis  test  was  used  to  test  the  difference  of  markers  between/among  categorical 
variable  levels.  The  association  between  gender,  histology  and  smoking  status,  treatment  and 
stage  is  test  using  y2  test  or  Fisher’s  exact  test  when  appropriate.  The  continuous  markers  were 
dichotomized  by  either  0  vs  positive  or  median.  The  Kaplan-Meier  method  was  used  to 
construct  overall  and  progression-free  survival  curves  and  log-rank  test  was  used  to  test  the 
difference  in  survival  by  covariates.  Univariate  and  multivariate  Cox  model  were  fitted  to 
estimate  the  effect  of  prognostic  factors,  including  age,  gender,  histology,  stage,  markers  (both 
continuous  and  dichotomized  levels)  on  time  to  event  endpoints,  including  overall  survival  (OS) 
and  recurrence  free  survival  (RFS).  All  statistical  tests  were  two-sided,  and  p  values  of  0.05  or 
less  were  considered  to  be  statistically  significant. 

The  predictive  accuracy  of  Cox  regression  models  is  quantified  by  C-index,  which  provides  the 
area  under  the  receiver  operating  characteristics  curve  for  censored  data  [1,  2],  A  C-index  of  0.5 
indicates  that  outcomes  are  completely  random,  whereas  a  C-index  of  1  indicates  that  the  model 
is  a  perfect  predictor.  To  protect  against  overfitting  during  stepwise  regression,  we  used 
bootstrap  internal-validation,  which  allows  for  computation  of  an  unbiased  estimate  of  predictive 
accuracy,  C-index.  We  also  validate  the  models  for  calibration  accuracy  in  predicting  the 
probability  of  surviving  1  year,  3  years  or  5  years,  or  probability  of  recurrence-free  recurrence 
free  at  1  year,  3  years  or  5  years.  We  use  200  bootstrap  samples  in  both  bootstrap  validation  and 
calibration. 

[1]  Harrell  F.  Regression  modeling  strategies.  New  York:  Springer- Verlag;  2001. 

[2]  Hanley  JA,  McNeil  BJ.  The  meaning  and  use  of  the  area  under  a  receiver  operating 
characteristic  (ROC)  curve.  Radiology  1982;143:29-36. 


Notation  for  marker  names: 


Original  readings: 

marker  name  _* 

*=c  cytoplasmic 
=m  membrane 
=n  nucleus 

Dichotomized  1: 

marker  name  _*_0 1 

0  =  0 

2 


1  =  positive  reading 

Dichotomized  2:  marker  name  _*_01m  0  =  <median 

1  =  >median 


III.  Main  Findings: 

1)  Patient  demographic  information,  disease  characteristics  and  treatment  information  are 
summarized  in  Table  1  (page  5). 

2)  Gender  and  histology  are  significantly  associated  with  smoking  status,  more 
former/current  smokers  in  male  than  female  patients,  and  more  former/current  smokers 
in  patients  with  SCC  than  with  ADENO.  Treatment  is  significantly  associated  with 
stage  of  the  disease.  Patients  with  more  severe  diseases  receive  more  adjuvant  or  neo¬ 
adjuvant  treatment. 

3)  Please  find  the  correlation  between  markers  and  comparison  of  markers  by  patient 
characteristics  and  disease  status  in  the  report. 

4)  With  median  follow-up  time  of  5.3  years,  160  deaths  have  been  observed.  Median 
survival=6.4  years.  A  total  of  209  cases  with  recurrence  or  deaths  have  been  recorded. 
In  univariate  analysis,  age,  gender,  stage  of  the  disease  and  certain  adjuvant  or  neo¬ 
adjuvant  treatment  are  significantly  associated  with  OS  (Table  4,  page  8).  Gender, 
stage,  necrosis,  inflammation,  and  certain  adjuvant  or  neo-adjuvant  treatment  are  found 
to  be  significantly  associated  with  RFS  (Table  5,  page  9). 

5)  Dr.  HY  Lee’s  data:  Adjusted  for  age,  gender,  stage,  neoadjuvant  (including  chemo 
and  radiation  or  concurrent  therapy),  both  positive  cytoplasmic  pAMPK  (HR=0.68, 

95%  Cl:  (0.49,  0.95),  p=0.02)  and  positive  cytoplasmic  pmTOR  (HR=0.62,  95%  Cl: 
(0.44,  0.89),  p=0.0085)  predict  longer  OS  (page  41).  When  assessing  effects  of 
covariates  on  RFS,  adjusted  for  age,  stage  and  neoadjuvant  treatment,  cytoplasmic 
IGF1R  (HR=1.003,  95%  Cl:  (0.999,  1.007),  p=0.10)  and  positive  membrane  insulin 
(HR=1.49,  95%  Cl:  (1.12,  1.98),  p=0.006)  are  associated  with  shorter  RFS,  whereas 
both  positive  cytoplasmic  pAMPK  (HR=0.61,  95%  Cl:  (0.46,  0.82),  p=0.001)  and 
positive  cytoplasmic  pmTOR  (HR=0.67,  95%  Cl:  (0.49,  0.93),  p=0.015)  are  significant 
predictors  for  longer  RFS  (page  47). 

6)  Dr.  Koo’s  data:  Adjusted  for  age,  gender,  stage,  neoadjuvant  (including  chemo  and 
radiation  or  concurrent  therapy),  higher  cytoplasmic  CXCR2  (larger  than  median) 
(HR=1.55,  95%  Cl:  (1.12,  2.15),  p=0.008)  is  associated  with  poor  OS  and  positive 
cytoplasmic  EpCAM  (HR=0.61,  95%  Cl:  (0.44,  0.84),  p=0.003)  predicts  longer  OS 
(page  63).  When  assessing  effects  of  covariates  on  RFS,  adjusted  for  age,  stage  and 
neoadjuvant  treatment,  higher  cytoplasmic  CXCR2  (larger  than  median)  (HR=1.35, 
95%  Cl:  (1.01,  1.80),  p=0.04)  is  associated  with  poor  RFS,  while  positive  cytoplasmic 
EpCAM  (HR=0.69,  95%  Cl:  (0.52,  0.92),  p=0.01)  and  membrane  CASK  (HR=0.996, 
95%  Cl:  (0.99,  1 .00)  predict  longer  RFS  (page  66). 

7)  Dr.  Lotan’s  data:  Adjusted  for  age,  stage,  neoadjuvant  (including  chemo  and  radiation 
or  concurrent  therapy),  both  higher  nuclear  FEN1  (larger  than  median)  (HR=1.27,  95% 
Cl:  (0.90,  1.80),  p=0.18)  and  positive  nuclear  MCM6  (HR=1.62,  95%  Cl:  (0.91,  2.88), 
p=0.098)  are  associated,  however  not  significantly,  with  poor  OS  (page  81).  No 
significant  marker  was  identified  in  predicting  RFS  in  multicovariate  analysis. 
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8)  All  markers:  OS  (page  85)  -  Adjusted  for  age  and  stage,  positive  cytoplasmic 
pAMPK,  positive  cytoplasmic  pmTOR  and  positive  cytoplasmic  EpCAM  are 
significant  predictors  in  longer  OS,  whereas  higher  cytoplasmic  CXCR2  (larger  than 
median)  and  higher  nuclear  FEN  1  (larger  than  median)  are  significant  predictors  in 
shorter  OS.  Predictive  accuracy  of  the  model  from  internal  validation  is  0.66.  RFS 
(page  86)  —  Adjusted  for  age  and  stage,  positive  membrane  insulin  and  higher 
cytoplasmic  CXCR2  (larger  than  median)  are  significant  predictors  in  poor  RFS, 
whereas  positive  cytoplasmic  pAMPK,  positive  cytoplasmic  pmTOR,  positive 
cytoplasmic  EpCAM  and  higher  membrane  CASK  are  associated  with  longer  RFS. 
Predictive  accuracy  of  the  model  from  internal  validation  is  0.66. 
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IV.  Results 


1.  Patient  population  (N=370): 

Table  1.  Demographic  and  pathological  information 


covariate 

Levels 

N(%) 

covariate 

Levels 

N(%) 

Gender 

F 

184(49.7%) 

Adj_Chem 

No 

249(70.7%) 

M 

186(50.3%) 

Yes 

103(29.3%) 

Race 

Black 

21(5.7%) 

Unknown 

18 

Hispanic 

14(3.8%) 

Adj_XRT 

No 

307(87.0%) 

Oriental 

5(1.4%) 

Yes 

46(13.0%) 

White 

330(89.2%) 

Unknown 

17 

Tobacco 

No 

38(10.3%) 

Adj_Concurrent 

No 

346(97.7%) 

Yes 

332(89.7%) 

Yes 

8(2.3%) 

Smoker 

Current 

162(43.8%) 

Unknown 

16 

Former 

170(45.9%) 

Adjuvant 

No 

224(63.6%) 

Never 

38(10.3%) 

Yes 

128(36.4%) 

pathT 

T 1 

135(36.5%) 

Unknown 

18 

T2 

214(57.8%) 

Neo_Chemo 

No 

318(86.6%) 

T3 

21(5.7%) 

Yes 

49(13.4%) 

pathN 

NO 

246(67.2%) 

Unknown 

3 

N1 

69(18.9%) 

Neo_XRT 

No 

365(99.5%) 

N2 

51(13.9%) 

Yes 

2(0.5%) 

Unknown 

4 

Unknown 

3 

Path  stage 

IA 

103(27.8%) 

Neo_Concurrent 

No 

362(98.6%) 

IB 

131(35.4%) 

Yes 

5(1.4%) 

1  IA 

22(5.9%) 

Unknown 

3 

MB 

53(14.3%) 

NeoAdjuvant 

No 

313(85.3%) 

IMA 

61(16.5%) 

Yes 

54(14.7%) 

Histology 

ADENO 

227(61.4%) 

Unknown 

3 

Other 

17(4.6%) 

Adjvant/NeoAdjvant 

No 

194(54.8%) 

SCO 

126(34.1%) 

Yes 

160(45.2%) 

Grade 

Poorly 

122(34.2%) 

Unknown 

16 

Moderately 

199(55.7%) 

Diabetes 

No 

341(92.9%) 

5 


covariate 

Levels 

N(%) 

covariate 

Levels 

N(%) 

Well 

36(10.1%) 

Yes 

26(7.1%) 

Unknown 

9 

Unknown 

3 

Inflammation 

Mild 

154(42.7%) 

Metformin 

No 

276(95.5%) 

Moderately 

145(40.2%) 

Yes 

13(4.5%) 

Severe 

62(17.2%) 

Unknown 

81 

Unknown 

9 

covariate  levels 

Smoking  Status 

Never  Former  Current 

p_value 

Gender  F 

30(16.3%) 

78(42.4%) 

76(41.3%) 

M 

M 

8(4.3%) 

92(49.5%) 

86(46.2%) 

Histology  ADENO 

37(16.3%) 

103(45.4%) 

87(38.3%) 

<.0001 

see 

1(0.8%) 

61(48.4%) 

64(50.8%) 

Other 

0 

6(35.3%) 

11(64.7%) 

Table  2.  Treatment  by  Stage 

Stage 

covariate 

levels  1 

II 

IIIA 

p_value 

adj_chem 

No 

182(80.9%) 

37(52.1%) 

30(53.6%) 

<.0001 

Yes 

43(19.1%) 

34(47.9%) 

26(46.4%) 

adj_XRT 

No 

219(97.3%) 

63(88.7%) 

25(43.9%) 

<.0001 

Yes 

6(2.7%) 

8(11.3%) 

32(56.1%) 

neo_chemo 

No 

211(90.6%) 

66(89.2%) 

41(68.3%) 

<.0001 

Yes 

22(9.4%) 

8(10.8%) 

19(31.7%) 

Neoadj 

No 

208(89.3%) 

65(87.8%) 

40(66.7%) 

<0001 

Yes 

25(10.7%) 

9(12.2%) 

20(33.3%) 

AdjNeoAdj 

No 

160(70.8%) 

25(35.2%) 

9(15.8%) 

<.0001 

Yes 

66(29.2%) 

46(64.8%) 

48(84.2%) 
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Table  3.  Continuous  variables 


covariate 

n 

mean  ±  std,  median  (min,  max) 

Age 

370 

65.71  ±  10.17,  66.31  (32.24,  89.96) 

Necrosis 

369 

11.95  ±  15.67,  5  (0,  90) 

Fibrosis 

369 

21.82  ±  18.85,  20  (0,  95) 

Table  of  RECI  by  OSI 
RECURRENCE  OS 


Frequency 

Alive 

Dead 

Total 

No 

161 

56 

217 

Yes 

49 

104 

153 

Total 

210 

160 

370 

Table  4.  Univariate  Cox  model  assessing  effects  of  common  covariates  on  overall  survival  (OS),  median 
survival=6.4  years,  median  follow-up  time  =  5.3  Years. 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

Age 

0.0154 

0.0082 

1.0155 

0.9994 

1.0320 

0.0596 

370 

160 

210 

Gender  (M  vs  F) 

0.3940 

0.1598 

1 .4829 

1 .0842 

2.0282 

370 

160 

210 

Race  (White  vs  Other) 

-0.2604 

0.2446 

0.7707 

0.4772 

1 .2447 

0.2869 

370 

160 

210 

Tobacco  (Yes  vs  No) 

0.1098 

0.2716 

1.1160 

0.6554 

1.9003 

0.6861 

370 

160 

210 

Smoke 

370 

160 

210 

Former  vs  Never 

0.0193 

0.2851 

1.019 

0.583 

1.783 

0.9461 

Current  vs  Never 

0.2006 

0.2830 

1.222 

0.702 

2.128 

0.4784 

Histology 

370 

160 

210 

ADENO  vs  SCC 

-0.1855 

0.1661 

0.831 

0.600 

1.150 

0.2639 

Other  vs  SCC 

-0.3688 

0.4287 

0.692 

0.299 

1.602 

0.3896 

Grade 

357 

155 

202 

Poor  vs  Well 

0.3337 

0.3101 

1.396 

0.760 

2.564 

0.2818 

Moderate  vs  Well 

0.3554 

0.2967 

1.427 

0.798 

2.552 

0.2310 

pathN  (N1-3  vs  NO) 

0.5782 

0.1621 

1.7829 

1.2976 

2.4497 

mom 

366 

157 

209 

Stage 

370 

160 

210 

II  vs  1 

0.4009 

0.1971 

1.493 

1.015 

2.197 

$.04|i 
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covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

III  vs  1 

0.8296 

0.1973 

2.292 

1.557 

3.375 

<.0001 

Fibrosis 

-0.0067 

0.0045 

0.9933 

0.9845 

1.0021 

0.1373 

369 

159 

210 

Necrosis 

0.0076 

0.0049 

1 .0076 

0.9980 

1.0173 

0.1212 

369 

159 

210 

Inflammation 

361 

155 

206 

Moderate  vs  Mild 

-0.0557 

0.1755 

0.946 

0.671 

1.334 

0.7509 

Severe  vs  Mild 

-0.2722 

0.2368 

0.762 

0.479 

1.212 

0.2503 

Neo_Chemo  (Yes  vs  No) 

0.4800 

0.2085 

1.6161 

1.0739 

2.4321 

mi 

367 

158 

209 

Adj_chem  (Yes  vs  No) 

-0.2177 

0.1894 

0.8044 

0.5550 

1.1659 

0.2504 

352 

153 

199 

Adj_XRT  (Yes  vs  No) 

0.7453 

0.2070 

2.1072 

1 .4043 

3.1618 

momm 

353 

153 

200 

Neoadj  (Yes  vs  No) 

0.5462 

0.2006 

1.7266 

1.1653 

2.5583 

HHHBH 

367 

158 

209 

Adjuvant  (Yes  vs  No) 

0.0009 

0.1725 

1 .0009 

0.7138 

1.4035 

0.9957 

352 

153 

199 

AdjNeoAdj  (Yes  vs  No) 

0.1661 

0.1631 

1.1807 

0.8576 

1.6255 

0.3085 

354 

154 

200 

Table  5.  Univariate  Cox  model  assessing  effects  of  common  covariates  on  recurrence  free  survival  (RFS) 

covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

Age 

0.0081 

0.0070 

1.0082 

0.9944 

1.0222 

0.2475 

370 

209 

161 

Gender  (M  vs  F) 

0.3123 

0.1395 

1.3665 

1.0397 

1.7962 

370 

209 

161 

Race  (White  vs  Other) 

-0.1981 

0.2212 

0.8203 

0.5317 

1 .2654 

0.3703 

370 

209 

161 

Tobacco  (Yes  vs  No) 

0.0747 

0.2353 

1.0775 

0.6795 

1.7087 

0.7510 

370 

209 

161 

Smoke 

370 

209 

161 

Former  vs  Never 

0.0519 

0.2457 

1.053 

0.651 

1.705 

0.8328 

Current  vs  Never 

0.0993 

0.2469 

1.104 

0.681 

1.792 

0.6874 

Histology 

ADENO  vs  SCC 

-0.2131 

0.1448 

0.808 

0.608 

1.073 

0.1413 

370 

209 

161 

Other  vs  SCC 

-0.4543 

0.3713 

0.635 

0.307 

1.315 

0.2211 

Grade 

357 

203 

154 

Poor  vs  Well 

0.2713 

0.2713 

1.312 

0.771 

2.232 

0.3172 

Moderate  vs  Well 

0.3402 

0.2594 

1.405 

0.845 

2.336 

0.1897 

pathN  (N1-3  vs  NO) 

0.7049 

0.1422 

2.0237 

1.5313 

2.6743 

<.0001 

366 

205 

161 

Stage 

370 

209 

161 

II  vs  1 

0.5203 

0.1719 

1.683 

1.201 

2.357 
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covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

III  vs  1 

0.9498 

0.1739 

2.585 

1.839 

3.635 

A 

o 

o 

o 

Fibrosis 

-0.0055 

0.0039 

0.9945 

0.9870 

1.0021 

0.1568 

369 

208 

161 

Necrosis 

0.0090 

0.0042 

1 .0090 

1.0008 

1.0173 

H)3&i 

369 

208 

161 

Inflammation 

361 

203 

158 

Moderate  vs  Mild 

-0.2823 

0.1538 

0.754 

0.558 

1.019 

E)66| 

Severe  vs  Mild 

-0.4402 

0.2094 

0.644 

0.427 

0.971 

0.0356 

Neo_Chemo  (Yes  vs  No) 

0.4614 

0.1879 

1.5864 

1.0977 

2.2926 

HU 

367 

207 

160 

Adj_chem  (Yes  vs  No) 

0.0579 

0.1564 

1 .0596 

0.7799 

1.4396 

0.7114 

352 

199 

153 

Adj_XRT  (Yes  vs  No) 

0.7165 

0.1850 

2.0472 

1 .4247 

2.9417 

0.0001 

353 

199 

154 

Neoadj  (Yes  vs  No) 

0.5253 

0.1799 

1 .6909 

1.1885 

2.4058 

367 

207 

160 

Adjuvant  (Yes  vs  No) 

0.2109 

0.1469 

1 .2348 

0.9258 

1.6469 

0.1512 

352 

199 

153 

AdjNeoAdj  (Yes  vs  No) 

0.3134 

0.1422 

1.3681 

1.0354 

1.8077 

B>2B 

354 

200 

154 
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2.  Dr.  HY  Lee 


2.1  Markers 

Table  6.  Descriptive  summary  of  markers 


covariate 

n 

mean  ±  std,  median  (min,  max) 

covariate 

n 

mean  ±  std,  median  (min,  max) 

IGF1  R_c 

367 

22.37  ±36.14,  6.67  (0,  190) 

pSRC_c 

369 

3.05  ±7.01, 0(0,  40) 

IGFIRjm 

367 

3.67  ±  14.25,  0(0,  120) 

pSRCjn 

370 

17.24  ±35.28,  0  (0,  190) 

IGFBP3_c 

370 

24.61  ±33.07,  10(0,  180) 

pmT0R_c 

369 

39.12  ±51 .89,  16.67  (0,  230) 

IGFBP3_m 

370 

11.64  ±31.5,  0(0,  240) 

pmTOR_m 

370 

61.52  ±68.79,  36.67  (0,  240) 

lnsulin_c 

367 

44.11  ±46.47,  30  (0,  186.67) 

pAMPK_c 

370 

40.46  ±49.02,  16.67  (0,  200) 

lnsulin_m 

366 

14.64  ±28.41, 0(0,  180) 

pAMPKjn 

370 

2.33  ±10.36,  0(0,  110) 

pAKT_c 

369 

3.68  ±  13.16,  0(0,  86.67) 

pEGFR_c 

368 

18.93  ±37.45,  0(0,  190) 

pAKT_m 

370 

0.23  ±  1.96,  0(0,  30) 

pEGFR_m 

369 

16.57  ±30.11,  3.33  (0,  160) 

pAKT_n 

370 

1.1  ±4.33,  0  (0,  40) 

pEGFR_n 

369 

31.24  ±38.83,  13.33  (0,  160) 

pIGFI  R_c 

368 

5.83  ±  13.58,  0(0,  120) 

pS6_c 

370 

44.55  ±  42.49,  33.33  (0,  200) 

plGF1R_m 

368 

13.76  ±39.12,  0(0,  240) 

pS6_m 

370 

6.05  ±  20.32,  0  (0,  180) 
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Figure  1.  Distribution  of  markers,  Dr.  HY  Lee  (Red  line  -  Mean,  Green  line  -  Median) 
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Table  7.  Correlation  between  markers 


Spearman  Correlation  Coefficients 
Prob  >  |r|  under  HO:  Rho=0 
Number  of  Observations 


IGF1R_c 

IGF1R_m 

IGFBP3_c 

IGFBP3_m 

lnsulin_c 

lnsulin_m 

pAKT_c 

pAKT_m 

pAKT_n 

IGF1R_c 

1 

0.54200 

0.12708 

0.15158 

-0.02499 

-0.06343 

0.22535 

0.04874 

0.19148 

<.0001 

<.0001 

0.0148 

0.0036 

0.6346 

0.2280 

<.0001 

0.3518 

0.0002 

367 

367 

367 

367 

364 

363 

366 

367 

367 

IGF1R_m 

0.54200 

1 

0.14013 

0.12340 

0.02801 

-0.01045 

0.04542 

-0.05391 

0.05867 

<.0001 

<.0001 

0.0072 

0.0180 

0.5943 

0.8427 

0.3863 

0.3030 

0.2622 

367 

367 

367 

367 

364 

363 

366 

367 

367 

IGFBP3_c 

0.12708 

0.14013 

1 

0.60804 

0.04104 

-0.13357 

0.07723 

0.06800 

0.00828 

0.0148 

0.0072 

<.0001 

<.0001 

0.4332 

0.0105 

0.1387 

0.1919 

0.8738 

367 

367 

370 

370 

367 

366 

369 

370 

370 

IGFBP3_m 

0.15158 

0.12340 

0.60804 

1 

-0.06140 

-0.10337 

0.12932 

0.04957 

0.05407 

0.0036 

0.0180 

<.0001 

<.0001 

0.2406 

0.0481 

0.0129 

0.3416 

0.2996 

367 

367 

370 

370 

367 

366 

369 

370 

370 

lnsulin_c 

-0.02499 

0.02801 

0.04104 

-0.06140 

1 

0.39421 

0.03701 

-0.03746 

-0.06347 

0.6346 

0.5943 

0.4332 

0.2406 

<.0001 

<.0001 

0.4803 

0.4744 

0.2251 

364 

364 

367 

367 

367 

366 

366 

367 

367 

lnsulin_m 

-0.06343 

-0.01045 

-0.13357 

-0.10337 

0.39421 

1 

-0.00196 

0.05561 

0.02261 

0.2280 

0.8427 

0.0105 

0.0481 

<.0001 

<.0001 

0.9703 

0.2887 

0.6664 

363 

363 

366 

366 

366 

366 

365 

366 

366 

pAKT_c 

0.22535 

0.04542 

0.07723 

0.12932 

0.03701 

-0.00196 

1 

0.31983 

0.55645 

<.0001 

0.3863 

0.1387 

0.0129 

0.4803 

0.9703 

<.0001 

<.0001 

<.0001 

366 

366 

369 

369 

366 

365 

369 

369 

369 

pAKT_m 

0.04874 

-0.05391 

0.06800 

0.04957 

-0.03746 

0.05561 

0.31983 

1 

0.22558 

0.3518 

0.3030 

0.1919 

0.3416 

0.4744 

0.2887 

<.0001 

<.0001 

<.0001 

367 

367 

370 

370 

367 

366 

369 

370 

370 

pAKT_n 

0.19148 

0.05867 

0.00828 

0.05407 

-0.06347 

0.02261 

0.55645 

0.22558 

1 

0.0002 

0.2622 

0.8738 

0.2996 

0.2251 

0.6664 

<.0001 

<.0001 

<.0001 

367 

367 

370 

370 

367 

366 

369 

370 

370 

plGF1R_c 

0.04115 

0.07205 

0.06407 

0.13376 

0.10203 

0.07733 

0.07635 

0.05123 

0.01247 

0.4332 

0.1696 

0.2201 

0.0102 

0.0515 

0.1409 

0.1443 

0.3270 

0.8116 

365 

365 

368 

368 

365 

364 

367 

368 

368 

plGF1R_m 

-0.00883 

0.03090 

0.02782 

0.10603 

0.06208 

0.03266 

0.06443 

0.05009 

0.02256 

0.8665 

0.5562 

0.5948 

0.0421 

0.2368 

0.5345 

0.2182 

0.3379 

0.6662 

365 

365 

368 

368 

365 

364 

367 

368 

368 

pSRC_c 

0.17186 

0.13887 

0.08455 

0.18250 

0.01820 

0.05065 

0.13423 

0.10755 

0.08164 

0.0010 

0.0078 

0.1049 

0.0004 

0.7286 

0.3345 

0.0099 

0.0389 

0.1175 

366 

366 

369 

369 

366 

365 

368 

369 

369 
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Spearman  Correlation  Coefficients 

Prob  >  \r\  under  FIO:  Rho=0 

Number  of  Observations 

IGF1R_c 

IGF1R_m 

IGFBP3_c 

IGFBP3_m 

lnsulin_c 

lnsulin_m 

pAKT_c 

pAKTjm 

pAKT_n 

pSRC_m 

0.12782 

0.0143 

367 

0.11213 

0.0318 

367 

0.07093 

0.1734 

370 

0.20326 

<.0001 

370 

0.08381 

0.1089 

367 

0.09932 

0.0577 

366 

0.11583 

0.0261 

369 

0.12257 

0.0183 

370 

0.06602 

0.2051 

370 

pmTOR_c 

-0.29987 

<.0001 

366 

-0.22251 

<.0001 

366 

0.02532 

0.6277 

369 

-0.09283 

0.0749 

369 

0.14796 

0.0046 

366 

-0.01566 

0.7656 

365 

-0.01393 

0.7900 

368 

-0.06009 

0.2495 

369 

-0.03707 

0.4778 

369 

pmTOR_m 

-0.31648 

<.0001 

367 

-0.22256 

<.0001 

367 

-0.06881 

0.1866 

370 

-0.14827 

0.0043 

370 

0.11020 

0.0348 

367 

0.14343 

0.0060 

366 

0.00272 

0.9584 

369 

-0.03206 

0.5387 

370 

0.01129 

0.8286 

370 

Spearman  Correlation  Coefficients 
Prob  >  |r|  under  HO:  Rho=0 
Number  of  Observations 


plGF1R_c 

plGF1R_m 

pSRC_c 

pSRC_m 

pmTOR_c 

pmTOR_m 

IGF1R_c 

0.04115 

0.4332 

365 

-0.00883 

0.8665 

365 

0.17186 

0.0010 

366 

0.12782 

0.0143 

367 

-0.29987 

<.0001 

366 

-0.31648 

<.0001 

367 

IGF1R_m 

0.07205 

0.1696 

365 

0.03090 

0.5562 

365 

0.13887 

0.0078 

366 

0.11213 

0.0318 

367 

-0.22251 

<.0001 

366 

-0.22256 

<.0001 

367 

IGFBP3_c 

0.06407 

0.2201 

368 

0.02782 

0.5948 

368 

0.08455 

0.1049 

369 

0.07093 

0.1734 

370 

0.02532 

0.6277 

369 

-0.06881 

0.1866 

370 

IGFBP3_m 

0.13376 

0.0102 

368 

0.10603 

0.0421 

368 

0.18250 

0.0004 

369 

0.20326 

<.0001 

370 

-0.09283 

0.0749 

369 

-0.14827 

0.0043 

370 

lnsulin_c 

0.10203 

0.0515 

365 

0.06208 

0.2368 

365 

0.01820 

0.7286 

366 

0.08381 

0.1089 

367 

0.14796 

0.0046 

366 

0.11020 

0.0348 

367 

lnsulin_m 

0.07733 

0.1409 

364 

0.03266 

0.5345 

364 

0.05065 

0.3345 

365 

0.09932 

0.0577 

366 

-0.01566 

0.7656 

365 

0.14343 

0.0060 

366 

pAKT_c 

0.07635 

0.1443 

367 

0.06443 

0.2182 

367 

0.13423 

0.0099 

368 

0.11583 

0.0261 

369 

-0.01393 

0.7900 

368 

0.00272 

0.9584 

369 

pAKT_m 

0.05123 

0.3270 

368 

0.05009 

0.3379 

368 

0.10755 

0.0389 

369 

0.12257 

0.0183 

370 

-0.06009 

0.2495 

369 

-0.03206 

0.5387 

370 
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plGF1R_c 

Spearman  Correlation  Coefficients 
Prob  >  |r|  under  FiO:  Rho=0 
Number  of  Observations 

plGF1R_m  pSRC_c  pSRC_m 

pmTOR_c 

pmTOR_m 

pAKT_n 

0.01247 

0.02256 

0.08164 

0.06602 

-0.03707 

0.01129 

0.8116 

0.6662 

0.1175 

0.2051 

0.4778 

0.8286 

368 

368 

369 

370 

369 

370 

plGF1R_c 

1 

0.81730 

0.65536 

0.66182 

0.12378 

-0.03251 

<.0001 

<.0001 

<.0001 

<.0001 

0.0177 

0.5341 

368 

368 

367 

368 

367 

368 

plGF1R_m 

0.81730 

1 

0.60625 

0.59282 

0.15051 

0.02149 

<.0001 

<.0001 

<.0001 

<.0001 

0.0039 

0.6812 

368 

368 

367 

368 

367 

368 

pSRC_c 

0.65536 

0.60625 

1 

0.82219 

0.09120 

-0.02066 

<.0001 

<.0001 

<.0001 

<.0001 

0.0806 

0.6925 

367 

367 

369 

369 

368 

369 

pSRC_m 

0.66182 

0.59282 

0.82219 

1 

0.04124 

-0.06998 

<.0001 

<.0001 

<.0001 

<.0001 

0.4296 

0.1792 

368 

368 

369 

370 

369 

370 

pmTOR_c 

0.12378 

0.15051 

0.09120 

0.04124 

1 

0.73911 

0.0177 

0.0039 

0.0806 

0.4296 

<.0001 

<.0001 

367 

367 

368 

369 

369 

369 

pmTOR_m 

-0.03251 

0.02149 

-0.02066 

-0.06998 

0.73911 

1 

0.5341 

0.6812 

0.6925 

0.1792 

<.0001 

<.0001 

368 

368 

369 

370 

369 

370 
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pAMPK_c 

Spearman  Correlation  Coefficients 

Prob  >  |r|  under  HO:  Rho=0 

Number  of  Observations 

pAMPK_m  pEGFR_c  pEGFR_m  pEGFR_n 

pS6_c 

pS6_m 

pAMPK_c 

1 

0.41941 

0.25539 

0.14190 

-0.03197 

-0.05288 

-0.11848 

<.0001 

<.0001 

<.0001 

0.0063 

0.5404 

0.3104 

0.0226 

370 

370 

368 

369 

369 

370 

370 

pAMPK_m 

0.41941 

1 

0.14041 

0.12172 

0.07484 

-0.08216 

0.04847 

<.0001 

<.0001 

0.0070 

0.0193 

0.1513 

0.1146 

0.3525 

370 

370 

368 

369 

369 

370 

370 

pEGFR_c 

0.25539 

0.14041 

1 

0.67646 

0.02341 

0.19825 

-0.01865 

<.0001 

0.0070 

<.0001 

<.0001 

0.6549 

0.0001 

0.7213 

368 

368 

368 

368 

367 

368 

368 

pEGFR_m 

0.14190 

0.12172 

0.67646 

1 

0.06551 

0.18835 

0.09597 

0.0063 

0.0193 

<.0001 

<.0001 

0.2099 

0.0003 

0.0656 

369 

369 

368 

369 

368 

369 

369 

pEGFR_n 

-0.03197 

0.07484 

0.02341 

0.06551 

1 

0.21804 

0.20692 

0.5404 

0.1513 

0.6549 

0.2099 

<.0001 

<.0001 

<.0001 

369 

369 

367 

368 

369 

369 

369 

pS6_c 

-0.05288 

-0.08216 

0.19825 

0.18835 

0.21804 

1 

0.29661 

0.3104 

0.1146 

0.0001 

0.0003 

<.0001 

<.0001 

<.0001 

370 

370 

368 

369 

369 

370 

370 

pS6_m 

-0.11848 

0.04847 

-0.01865 

0.09597 

0.20692 

0.29661 

1 

0.0226 

0.3525 

0.7213 

0.0656 

<.0001 

<.0001 

<.0001 

370 

370 

368 

369 

369 

370 

370 
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Figure  2.  Correlation  between  markers,  Dr.  HY  Lee 
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Table  8.  Frequency  tables  for  dichotomized  markers 


covariate 

levels 

N(%) 

covariate 

levels 

N(%) 

IGF1R_c_01 

missing 

3 

pAMPK_c_01 

0 

108(29.2%) 

0 

157(42.8%) 

1 

262(70.8%) 

1 

210(57.2%) 

pAMPK_m_01 

0 

315(85.1%) 

IGF1R_m_01 

missing 

3 

1 

55(14.9%) 

0 

319(86.9%) 

pEGFR_c_01 

missing 

2 
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covariate 

levels 

N(%) 

covariate 

levels 

N(%) 

1 

48(13.1%) 

0 

209(56.8%) 

IGFBP3_c_01 

0 

118(31.9%) 

1 

159(43.2%) 

1 

252(68.1%) 

pEGFR_m_01 

missing 

1 

IGFBP3_m_01 

0 

245(66.2%) 

0 

178(48.2%) 

1 

125(33.8%) 

1 

191(51.8%) 

lnsulin_c_01 

missing 

3 

pEGFR_n_01 

missing 

1 

0 

51(13.9%) 

0 

107(29%) 

1 

316(86.1%) 

1 

262(71%) 

lnsulin_m_01 

missing 

4 

pS6_c_01 

0 

54(14.6%) 

0 

212(57.9%) 

1 

316(85.4%) 

1 

154(42.1%) 

pS6_m_01 

0 

297(80.3%) 

pAKT_c_01 

missing 

1 

1 

73(19.7%) 

0 

318(86.2%) 

IGF1R_c_01m 

Missing 

3 

1 

51(13.8%) 

0 

182(49.6%) 

pAKT_m_01 

0 

363(98.1%) 

1 

185(50.4%) 

1 

7(1.9%) 

IGFBP3_c_01m 

0 

172(46.5%) 

pAKT_n_01 

0 

332(89.7%) 

1 

198(53.5%) 

1 

38(10.3%) 

lnsulin_c_01m 

missing 

3 

plGF1R_c_01 

missing 

2 

0 

179(48.8%) 

0 

247(67.1%) 

1 

188(51.2%) 

1 

121(32.9%) 

pmTOR_c_01m 

missing 

1 

plGF1R_m_01 

missing 

2 

0 

181(49.1%) 

0 

257(69.8%) 

1 

188(50.9%) 

1 

111(30.2%) 

pmTOR_m_01m 

0 

181(48.9%) 

pSRC_c_01 

missing 

1 

1 

189(51.1%) 

0 

268(72.6%) 

pEGFR_m_01m 

missing 

1 

1 

101(27.4%) 

0 

178(48.2%) 

pSRC_m_01 

0 

225(60.8%) 

1 

191(51.8%) 

1 

145(39.2%) 

pEGFR_n_01m 

missing 

1 

pmTOR_c_01 

missing 

1 

0 

174(47.2%) 

0 

91(24.7%) 

1 

195(52.8%) 

1 

278(75.3%) 

pS6_c_01 m 

0 

180(48.6%) 
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covariate 

levels 

N(%) 

covariate 

levels  N(%) 

pmTOR_m_01 

0 

90(24.3%) 

1  190(51.4%) 

1 

280(75.7%) 

Table  9.  Markers  by  gender 


covariate 

Gender  n 

mean  ±  std,  median  (min,  max) 

pValue 

IGF1R_c 

F 

182 

17.55  ±30.6,  3.33  (0,  140) 

.0088 

M 

185 

27.11  ±40.39,  10  (0,  190) 

IGF1R_m 

F 

182 

2.16  ±9.41,  0(0,  66.67) 

.0623 

M 

185 

5.15  ±  17.67,  0  (0,  120) 

IGFBP3_c 

F 

184 

25.79  ±32.96,  10(0,  160) 

.5033 

M 

186 

23.44  ±33.22,  10(0,  180) 

IGFBP3_m 

F 

184 

13.4  ±37.42,  0(0,  240) 

.6277 

M 

186 

9.91  ±24.24,0(0,  196.67) 

lnsulin_c 

F 

182 

44.45  ±47.54,  25.83  (0,  180) 

.9066 

M 

185 

43.78  ±45.52,  30  (0,  186.67) 

lnsulin_m 

F 

182 

13.54  ±24.19,  0(0,  115) 

.7634 

M 

184 

15.72  ±32.07,  0(0,  180) 

pAKT_c 

F 

183 

4.16  ±  13.46,  0(0,  83.33) 

.3981 

M 

186 

3.2  ±  12.88,  0(0,  86.67) 

pAKT_m 

F 

184 

0.34  ±  2.62,  0  (0,  30) 

.6791 

M 

186 

0.11  ±0.91,0(0,  10) 

pAKT_n 

F 

184 

1.16  ±4.66,  0(0,  40) 

.7469 

M 

186 

1.05  ±3.99,  0(0,  30) 

pAMPK_c 

F 

184 

44.56  ±51.44,  25.83  (0,  200) 

.0997 

M 

186 

36.42  ±46.3,  10(0,  180) 

pAMPKjm 

F 

184 

3.24  ±13.32,  0(0,  110) 

.5768 

M 

186 

1.43  ±6.07,  0(0,  60) 

pEGFR_c 

F 

183 

22.64  ±  40.73,  0  (0,  190) 

M 

185 

15.26  ±33.6,  0(0,  166.67) 

pEGFR_m 

F 

183 

18.86  ±31.8,  3.33  (0,  160) 

.0931 

M 

186 

14.31  ±28.26,  0  (0,  143.33) 
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covariate  Gender 

n  mean  ±  std,  median  (min,  max) 

pValue 

pEGFR_n  F 

183  30.73  ±37.44,  15(0,  150) 

.8814 

M 

186  31.74  ±40.25,  13.33(0,  160) 

pIGFIRc  F 

183  5.93  ±  13.26,  0(0,  90) 

.4689 

M 

185  5.73  ±  13.93,  0(0,  120) 

plGF1R_m  F 

183  10.18  ±28.01, 0(0,  205) 

.6528 

M 

185  17.31  ±47.45,  0  (0,  240) 

pS6_c  F 

184  47.64  ±42.23,  40(0,  180) 

.0840 

M 

186  41.49  ±42.64,  30(0,  200) 

pS6_m  F 

184  5.6  ±  15.68,  0(0,  120) 

.3488 

M 

186  6.49  ±24.08,  0(0,  180) 

pSRC_c  F 

184  3.35  ±7.81, 0(0,  40) 

.8307 

M 

185  2.75  ±6.12,  0(0,  33.33) 

pSRC_m  F 

184  17.57  ±36.39,  0(0,  180) 

.7911 

M 

186  16.91  ±34.24,  0(0,  190) 

pmTOR_c  F 

183  45.11  ±54.91,23.33(0,  230) 

1 

M 

186  33.22  ±48.15,  10(0,  210) 

pmTORjm  F 

184  69.49  ±  69.36,  53.33  (0,  240) 

ima 

M 

186  53.63  ±  67.48,  21 .67  (0,  240) 

Table  10.  Markers  by  Race 

covariate  Race 

n  mean  ±  std,  median  (min,  max) 

pValue 

IGF1  R_c  Black 

21  30.56  ±40.83,  10(0,  120) 

.2912 

Flispanic 

14  20.48  ±  32.02,  0  (0,  96.67) 

Oriental 

5  18  ±20.63,  10(0,  53.33) 

White 

327  21.99  ±36.24,  6.67(0,  190) 

IGFIRjn  Black 

21  4.6  ±10.41, 0(0,  40) 

.0941 

Flispanic 

14  0±  0,0  (0,0) 

Oriental 

5  6.67  ±  14.91, 0(0,  33.33) 

White 

327  3.72  ±  14.75,  0(0,  120) 

IGFBP3_c  Black 

21  15.2  ±30.61, 2.5(0,  123.33) 

.0670 

Flispanic 

14  12.62  ±  16.35,  9.17(0,  56.67) 
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covariate  Race 


n  mean  ±  std,  median  (min,  max)  pVaiue 


Oriental 

5 

54  ±47.98,  60  (0,  106.67) 

White 

330 

25.27  ±33.25,  10(0,  180) 

IGFBP3_m 

Black 

21 

4.13  ±9.54,  0(0,40) 

.5420 

Hispanic 

14 

1.9  ±3.86,  0(0,  13.33) 

Oriental 

5 

5.33  ±  7.67,  0  (0,  16.67) 

White 

330 

12.63  ±33.12,  0(0,  240) 

lnsulin_c 

Black 

21 

37.7  ±44.44,  25  (0,  186.67) 

.0757 

Hispanic 

14 

73.93  ±52.38,  67.5(10,  165) 

Oriental 

5 

28.67  ±30.97,  10(0,  70) 

White 

327 

43.49  ±46.23,  30  (0,  180) 

lnsulin_m 

Black 

21 

19.76  ±42.38,  0(0,  180) 

.3724 

Hispanic 

14 

4.17  ±9.58,  0(0,  35) 

Oriental 

5 

2  ±4.47,  0(0,  10) 

White 

326 

14.95  ±27.98,  0(0,  130) 

pAKT_c 

Black 

21 

1.19  ±2.75,  0(0,  10) 

.7927 

Hispanic 

14 

1.67  ±4.29,  0(0,  13.33) 

Oriental 

5 

0  ±  0,  0  (0,  0) 

White 

329 

3.98  ±  13.87,  0(0,  86.67) 

pAKT_m 

Black 

21 

0±  0,0(0,  0) 

.8345 

Hispanic 

14 

0  ±  0,  0  (0,  0) 

Oriental 

5 

0±  0,0(0,  0) 

White 

330 

0.25  ±  2.07,  0  (0,  30) 

pAKT_n 

Black 

21 

0.79  ±  2.56,  0  (0,  10) 

.5099 

Hispanic 

14 

0  ±  0,  0  (0,  0) 

Oriental 

5 

0  ±  0,  0  (0,  0) 

White 

330 

1.19  ±4.54,  0(0,40) 

pAMPK_c 

Black 

21 

43.57  ±50.51, 20  (0,  160) 

.7634 

Hispanic 

14 

24.88  ±27.27,  18.33  (0,  80) 

Oriental 

5 

43.33  ±  40.69,  53.33  (0,  93.33) 

White 

330 

40.88  ±49.8,  16.67  (0,  200) 

pAMPK_m 

Black 

21 

3.49  ±  15.26,  0(0,  70) 

.7012 

Hispanic 

14 

0.6  ±1.55,  0(0,  5) 
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covariate  Race 


n  mean  ±  std,  median  (min,  max)  pVaiue 


Oriental 

5 

0  ±  0,  0  (0,  0) 

White 

330 

2.37  ±10.28,  0(0,  110) 

pEGFR_c 

Black 

20 

17.08  ±36.94,  0(0,  150) 

.3142 

Hispanic 

14 

14.4  ±  32.37,  0  (0,  120) 

Oriental 

5 

0  ±  0,  0  (0,  0) 

White 

329 

19.52  ±37.97,  0(0,  190) 

pEGFR_m 

Black 

21 

8.33  ±  14.4,  0  (0,  55) 

.0718 

Hispanic 

14 

6.9  ±  12.62,  0(0,45) 

Oriental 

5 

0  ±  0,  0  (0,  0) 

White 

329 

17.76  ±31.38,  3.33  (0,  160) 

pEGFR_n 

Black 

21 

40.08  ±  43.39,  26.67  (0,  136.67) 

.8714 

Hispanic 

14 

27.2  ±34.92,  17.08  (0,  116.67) 

Oriental 

5 

25.67  ±  24.08,  16.67  (0,  56.67) 

White 

329 

30.93  ±38.93,  13.33  (0,  160) 

pIGFIRc 

Black 

21 

7.78  ±  14.54,  0  (0,  40) 

.8670 

Hispanic 

14 

2.62  ±  3.5,  0  (0,  10) 

Oriental 

5 

1  ±  2.24,  0  (0,  5) 

White 

328 

5.91  ±  13.87,  0  (0,  120) 

plGF1R_m 

Black 

21 

16.03  ±34.95,  0(0,  143.33) 

.8617 

Hispanic 

14 

4.29  ±8.91, 0(0,  30) 

Oriental 

5 

1  ±  2.24,  0  (0,  5) 

White 

328 

14.22  ±40.41, 0(0,  240) 

pS6_c 

Black 

21 

48.13  ±43.84,  46.67  (0,  155) 

.9868 

Hispanic 

14 

46.67  ±  49.65,  21 .67  (0,  1 26.67) 

Oriental 

5 

56  ±72.47,  10(0,  143.33) 

White 

330 

44.06  ±41.75,  33.33  (0,  200) 

pS6_m 

Black 

21 

6.9  ±26.1, 0(0,  120) 

.3139 

Hispanic 

14 

0  ±  0,  0  (0,  0) 

Oriental 

5 

6.67  ±  14.91, 0(0,  33.33) 

White 

330 

6.24  ±  20.43,  0  (0,  180) 

pSRC_c 

Black 

21 

1.27  ±3.07,  0(0,  10) 

.0899 

Hispanic 

14 

0.24  ±  0.89,  0  (0,  3.33) 
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covariate 

Race 

n 

mean  ±  std,  median  (min,  max) 

pValue 

Oriental 

5 

0  ±  0,  0  (0,  0) 

White 

329 

3.33  ±  7.33,  0  (0,  40) 

pSRCjn 

Black 

21 

12.7  ±30.78,  0(0,  115) 

.3901 

Flispanic 

14 

5.6  ±  11.43,  0(0,40) 

Oriental 

5 

1  ±  2.24,  0  (0,  5) 

White 

330 

18.27  ±36.35,  0(0,  190) 

pmTOR_c 

Black 

21 

28.33  ±38.74,  10(0,  150) 

.8374 

Hispanic 

14 

55.71  ±65.77,45  (0,213.33) 

Oriental 

5 

46.67  ±86.06,  10(0,  200) 

White 

329 

38.98  ±51 .45,  16.67  (0,  230) 

pmTOR_m 

Black 

21 

68.81  ±  74.85,  50  (0,  230) 

.4879 

Hispanic 

14 

33.1  ±31.52,  37.5(0,  70) 

Oriental 

5 

28.67  ±30.51,  13.33  (0,  63.33) 

White 

330 

62.76  ±  69.72,  36.67  (0,  240) 

Table  10.1. 

Markers  by  Smoking  Status 

covariate 

smoker 

n 

mean  ±  std,  median  (min,  max) 

pValue 

IGF1  R_c 

1  Never 

38 

5.53  ±  8.72,  0  (0,  40) 

S)iH 

2  Former 

168 

22.6  ±  35.34,  6.67  (0,  140) 

3  Current 

161 

26.1  ±39.81,  10(0,  190) 

IGF1R_m 

1  Never 

38 

0.18  ±  1.08,  0(0,  6.67) 

.1261 

2  Former 

168 

3.13  ±  11.43,  0(0,  80) 

3  Current 

161 

5.05  ±  17.96,  0(0,  120) 

IGFBP3_c 

1  Never 

38 

19.47  ±25.54,  8.33  (0,  106.67) 

.8088 

2  Former 

170 

22.73  ±29.12,  10(0,  123.33) 

3  Current 

162 

27.78  ±38.03,  10(0,  180) 

IGFBP3_m 

1  Never 

38 

2.85  ±  7.34,  0  (0,  40) 

.0715 

2  Former 

170 

10.45  ±30.26,  0(0,  240) 

3  Current 

162 

14.96  ±  35.64,  0  (0,  240) 

lnsulin_c 

1  Never 

38 

43.25  ±47.48,  21.67  (0,  165) 

.0876 

2  Former 

169 

48.13  ±46.83,  40  (0,  186.67) 
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covariate 


smoker  n  mean  ±  std,  median  (min,  max)  pVaiue 


3  Current 

160 

40.08  ±45.78,  23.33  (0,  180) 

Insulinjm 

1  Never 

38 

8.64  ±  20.24,  0  (0,  100) 

.3680 

2  Former 

168 

14.98  ±29.26,  0(0,  180) 

3  Current 

160 

15.71  ±29.12,  0  (0,  130) 

pAKT_c 

1  Never 

38 

2.11  ±  10.76,  0  (0,  65) 

.2861 

2  Former 

170 

4.01  ±  14.28,  0  (0,  86.67) 

3  Current 

161 

3.7  ±  12.47,  0(0,  86.67) 

pAKT_m 

1  Never 

38 

0±  0,0(0,  0) 

.6018 

2  Former 

170 

0.31  ±2.62,  0  (0,  30) 

3  Current 

162 

0.19  ±1.25,  0(0,  10) 

pAKT_n 

1  Never 

38 

0.83  ±  2.84,  0  (0,  15) 

.6878 

2  Former 

170 

1.03  ±4.37,  0(0,  30) 

3  Current 

162 

1.25  ±4.59,  0(0,40) 

pAMPK_c 

1  Never 

38 

51.18  ±52.5,  35.83  (0,  180) 

.1287 

2  Former 

170 

40.08  ±47.48,  16.67  (0,  200) 

3  Current 

162 

38.35  ±49.77,  10(0,  186.67) 

pAMPK_m 

1  Never 

38 

3.03  ±  11.87,  0(0,  70) 

.7775 

2  Former 

170 

2.02  ±10.55,  0(0,  110) 

3  Current 

162 

2.5  ±9.81, 0(0,  70) 

pEGFR_c 

1  Never 

38 

12.81  ±23.43,  0  (0,  100) 

.5448 

2  Former 

169 

19.81  ±37.89,0(0,  180) 

3  Current 

161 

19.45  ±39.65,  0(0,  190) 

pEGFR_m 

1  Never 

38 

9.04  ±21.12,  0(0,  100) 

80261 

2  Former 

170 

18.01  ±30.88,5(0,  140) 

3  Current 

161 

16.82  ±30.97,  0(0,  160) 

pEGFR_n 

1  Never 

37 

25  ±32.4,  10(0,  136.67) 

.6516 

2  Former 

170 

30.62  ±39.48,  13.33  (0,  136.67) 

3  Current 

162 

33.31  ±39.53,  15(0,  160) 

pIGFI  R_c 

1  Never 

38 

2.98  ±  7.93,  0  (0,  40) 

.2733 

2  Former 

169 

5.3  ±11.19,  0(0,  65) 

3  Current 

161 

7.06  ±  16.53,  0(0,  120) 

plGF1R_m 

1  Never 

38 

7.06  ±25.81, 0(0,  155) 

.5620 
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covariate 

smoker 

n 

mean  ±  std,  median  (min,  max) 

pValue 

2  Former 

169 

14.41  ±42.3,  0  (0,  240) 

3  Current 

161 

14.67  ±  38.29,  0  (0,  230) 

pS6_c 

1  Never 

38 

48.2  ±37.85,  43.33  (0,  126.67) 

.3319 

2  Former 

170 

43.61  ±45.7,  30  (0,  200) 

3  Current 

162 

44.69  ±40.15,  35.83  (0,  200) 

pS6_m 

1  Never 

38 

2.41  ±  7.95,  0  (0,  45) 

.3852 

2  Former 

170 

6.31  ±22.66,0(0,  180) 

3  Current 

162 

6.62  ±  19.72,  0(0,  145) 

pSRC_c 

1  Never 

38 

0.7  ±  3.3,  0  (0,  20) 

Mom 

2  Former 

169 

3.14  ±6.21, 0(0,  33.33) 

3  Current 

162 

3.51  ±  8.25,  0  (0,  40) 

pSRCjn 

1  Never 

38 

7.06  ±  22.57,  0  (0,  120) 

2  Former 

170 

18.19  ±35.15,  0(0,  180) 

3  Current 

162 

18.63  ±37.57,  0(0,  190) 

pmTOR_c 

1  Never 

38 

83.66  ±71.32,  70  (0,  230) 

<.0001 

2  Former 

169 

32.58  ±43.49,  13.33  (0,210) 

3  Current 

162 

35.48  ±49.85,  13.33  (0,  230) 

pmTOR_m 

1  Never 

38 

96.47  ±  69.99,  86.25  (0,  230) 

.0003 

2  Former 

170 

62.72  ±  70.83,  36.67  (0,  240) 

3  Current 

162 

52.06  ±  63.82,  23.33  (0,  230) 

Table  11.  Markers  by  Histology 

covariate 

histologyO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

IGF1R_c 

ADENO 

226 

8.49  ±21 .54,  0(0,  190) 

<.0001| 

Other 

17 

20.2  ±31.07,  5(0,  95) 

see 

124 

47.96  ±43.56,  33.33  (0,  180) 

IGF1R_m 

ADENO 

226 

0.84  ±6.31, 0(0,  76.67) 

<.0001 

Other 

17 

0.78  ±  1.87,  0(0,  6.67) 

SCO 

124 

9.22  ±21.99,  0(0,  120) 

IGFBP3_c 

ADENO 

227 

23.85  ±30.45,  10(0,  170) 

Mom 

Other 

17 

6.47  ±  15.34,  0(0,  63.33) 
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covariate  histologyO  n  mean  ±  std,  median  (min,  max)  pValue 


see 

126 

28.41  ±38.22,  10(0,  180) 

IGFBP3_m 

ADENO 

227 

6.72  ±  18.75,  0(0,  196.67) 

o 

o 

o 

Other 

17 

3.53  ±  14.55,  0(0,  60) 

sec 

126 

21.61  ±45.97,  0  (0,  240) 

lnsulin_c 

ADENO 

226 

50.83  ±50.4,  33.33  (0,  186.67) 

.0053 

Other 

17 

40  ±39.02,  30  (0,  120) 

sec 

124 

32.45  ±36.88,  20  (0,  170) 

lnsulin_m 

ADENO 

225 

16.98  ±31.06,  0(0,  180) 

.1205 

Other 

17 

11.96  ±22.49,  0(0,  85) 

sec 

124 

10.77  ±23.37,  0(0,  130) 

pAKT_c 

ADENO 

226 

3.13  ±  13.09,  0(0,  86.67) 

119 

Other 

17 

2.55  ±  7.02,  0  (0,  26.67) 

sec 

126 

4.81  ±  13.91,  0  (0,  86.67) 

pAKT_m 

ADENO 

227 

0.09  ±  0.94,  0  (0,  10) 

.1058 

Other 

17 

0  ±  0,  0  (0,  0) 

sec 

126 

0.5  ±3.1, 0(0,  30) 

pAKT_n 

ADENO 

227 

0.82  ±  4.07,  0  (0,  40) 

.1495 

Other 

17 

2.35  ±  7.52,  0  (0,  30) 

sec 

126 

1.44  ±4.22,  0(0,  23.33) 

pAMPK_c 

ADENO 

227 

41.11  ±51.47,  16.67  (0,  200) 

.6716 

Other 

17 

46.08  ±46.74,  33.33  (0,  140) 

sec 

126 

38.54  ±44.9,  15.83  (0,  160) 

pAMPK_m 

ADENO 

227 

3.1  ±  12.75,  0  (0,  110) 

.5209 

Other 

17 

0.29  ±1.21,  0(0,  5) 

sec 

126 

1.23  ±4.43,  0(0,  43.33) 

pEGFR_c 

ADENO 

226 

13.72  ±31.78,  0(0,  170) 

llcl 

Other 

17 

17.16  ±43.98,  0(0,  180) 

sec 

125 

28.6  ±43.86,  6.67  (0,  190) 

pEGFR_m 

ADENO 

226 

12.12  ±23.58,  0(0,  140) 

.0005 

Other 

17 

11.18  ±24.06,  0(0,  90) 

sec 

126 

25.28  ±38.45,  6.67  (0,  160) 

pEGFR_n 

ADENO 

226 

31.56  ±39.55,  13.33  (0,  150) 

.6955 
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covariate 

histologyO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

Other 

17 

34.9  ±34.9,  20  (0,  103.33) 

see 

126 

30.17  ±38.28,  14.17(0,  160) 

pIGFIRc 

ADENO 

226 

4.56  ±  12.64,  0  (0,  120) 

.0007 

Other 

17 

4.12  ±  10.64,  0(0,  40) 

see 

125 

8.35  ±  15.22,  0  (0,  90) 

plGF1R_m 

ADENO 

226 

9.49  ±  32.56,  0  (0,  240) 

■ 

Other 

17 

16.86  ±46.91, 0(0,  160) 

see 

125 

21 .07  ±47.27,  0(0,  240) 

pS6_c 

ADENO 

227 

49.68  ±  42.89,  40  (0,  200) 

.0007 

Other 

17 

43.73  ±42.62,  35  (0,  143.33) 

see 

126 

35.42  ±40.49,  25  (0,  155) 

pS6_m 

ADENO 

227 

6.12  ±  17.82,  0(0,  150) 

.1589 

Other 

17 

2.06  ±  7.3,  0  (0,  30) 

see 

126 

6.44  ±  25.2,  0  (0,  180) 

pSRC_c 

ADENO 

226 

1.63  ±4.51,  0(0,  30) 

<.0001 

Other 

17 

1.86  ±3.81,  0(0,  13.33) 

see 

126 

5.75  ±  9.74,  0  (0,  40) 

pSRC_m 

ADENO 

227 

9.93  ±24.41,  0(0,  160) 

<.0001 

Other 

17 

12.06  ±25.34,  0(0,  90) 

see 

126 

31.11  ±47.12,  6.67  (0,  190) 

pmTOR_c 

ADENO 

227 

53.53  ±  55.98,  35  (0,  230) 

<.0001 

Other 

17 

48.92  ±69.33,  13.33  (0,  200) 

see 

125 

11.61  ±22.41, 3.33  (0,  110) 

pmTOR_m 

ADENO 

227 

87.12  ±69.99,  66.67  (0,  240) 

<.0001 

Other 

17 

63.73  ±  74.59,  25  (0,  240) 

see 

126 

15.09  ±32.2,  0(0,  180) 
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Table  12.  Marker  by  stage 


covariate 

PathStage  n 

mean  ±  std,  median  (min,  max) 

pValue 

IGF1  R_c 

IA 

102 

22.14  ±39.2,  3.33  (0,  190) 

.5720 

IB 

130 

20.54  ±33.45,  6.67  (0,  140) 

1  IA 

21 

31.19  ±44.61,  16.67  (0,  180) 

MB 

53 

23.9  ±34.78,  10(0,  130) 

IIIA 

61 

22.28  ±35.04,  3.33  (0,  150) 

IGF1R_m 

IA 

102 

3.17  ±13.61,  0(0,  80) 

.1912 

IB 

130 

2.13  ±8.39,  0(0,  56.67) 

1  IA 

21 

12.06  ±34.87,  0(0,  120) 

MB 

53 

4.21  ±  14.5,  0  (0,  70) 

IIIA 

61 

4.43  ±  12.48,  0  (0,  66.67) 

IGFBP3_c 

IA 

103 

20.19  ±28.61, 6.67  (0,  120) 

.1203 

IB 

131 

27.97  ±35.66,  10(0,  160) 

1  IA 

22 

17.2  ±  17.16,  10(0,  56.67) 

MB 

53 

24.27  ±42.09,  3.33  (0,  180) 

IIIA 

61 

27.8  ±29.15,  16.67  (0,  100) 

IGFBP3_m 

IA 

103 

8.22  ±  28.37,  0  (0,  240) 

.0463 

IB 

131 

16.64  ±40.99,  0(0,  240) 

1 1 A 

22 

7.12  ±  13.27,  1.67  (0,  60) 

MB 

53 

8.81  ±26.74,0(0,  163.33) 

IIIA 

61 

10.79  ±  17.99,  0(0,  60) 

lnsulin_c 

IA 

100 

46.23  ±48.13,  30  (0,  180) 

.2914 

IB 

131 

45.2  ±47.1,  30  (0,  186.67) 

1  IA 

22 

62.05  ±59.44,  38.33  (0,  180) 

MB 

53 

33.18  ±36.53,  23.33  (0,  150) 

IIIA 

61 

41.34  ±43.72,  26.67  (0,  180) 

lnsulin_m 

IA 

99 

13.28  ±24.12,  0(0,  110) 

.6856 

IB 

131 

14.16  ±27.75,  0(0,  130) 

1  IA 

22 

11.44  ±  17.55,  1.67  (0,  60) 

MB 

53 

15.85  ±36.8,  0(0,  180) 

IIIA 

61 

17.98  ±31.44,  0(0,  120) 

pAKT_c 

IA 

102 

3.12  ±  12.3,  0(0,  83.33) 

.0324 

27 


covariate  Path  Stage  n  mean  ±  std,  median  (min,  max)  pValue 


pAKT_m 


pAKT_n 


pAMPK_c 


pAMPK_m 


pEGFR_c 


pEGFR_m 


IB 

131 

5.23  ±  15.6,  0(0,  86.67) 

IIA 

22 

0  ±  0,  0  (0,  0) 

MB 

53 

2.52  ±  13.2,  0(0,  86.67) 

IIIA 

61 

3.61  ±  10.86,0(0,  65) 

IA 

103 

0.16  ±  1.35,  0(0,  13.33) 

.6326 

IB 

131 

0.46  ±  3,  0  (0,  30) 

IIA 

22 

0  ±  0,  0  (0,  0) 

MB 

53 

0.13  ±0.92,  0(0,  6.67) 

IIIA 

61 

0  ±  0,  0  (0,  0) 

IA 

103 

0.7  ±2.51, 0(0,  16.67) 

.5173 

IB 

131 

1.5  ±5.69,  0(0,  40) 

IIA 

22 

0  ±  0,  0  (0,  0) 

MB 

53 

1.07  ±3.74,  0(0,  20) 

IIIA 

61 

1.37  ±4.62,  0(0,  26.67) 

IA 

103 

46.57  ±56.15,  16.67  (0,  200) 

.5691 

IB 

131 

41.49  ±46.37,  30  (0,  186.67) 

IIA 

22 

41.59  ±49.14,  26.67  (0,  160) 

MB 

53 

33.08  ±42.75,  10(0,  145) 

IIIA 

61 

33.96  ±46.64,  6.67  (0,  180) 

IA 

103 

3.75  ±  15.91,  0  (0,  110) 

.6270 

IB 

131 

2.19  ±7.95,  0(0,  63.33) 

IIA 

22 

0.3  ±  0.98,  0  (0,  3.33) 

MB 

53 

1.7  ±5.18,  0(0,  25) 

IIIA 

61 

1.53  ±7.93,  0(0,  60) 

IA 

103 

20.79  ±41.86,  0(0,  190) 

.9401 

IB 

131 

20.33  ±38.81, 0(0,  180) 

IIA 

22 

19.7  ±39.46,  0(0,  150) 

MB 

52 

16.51  ±34.21,0(0,  130) 

IIIA 

60 

14.5  ±27.79,  0(0,  120) 

IA 

103 

16.49  ±30.59,  3.33  (0,  160) 

.4141 

IB 

131 

18.38  ±32,  3.33  (0,  140) 

IIA 

22 

9.77  ±  24.46,  0  (0,  100) 
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covariate  Path  Stage  n  mean  ±  std,  median  (min,  max)  pValue 


MB 

52 

15.1  ±30.33,  3.33  (0,  143.33) 

IIIA 

61 

16.5  ±27.1,  6.67  (0,  130) 

pEGFR_n 

IA 

103 

28.29  ±38.02,  10(0,  150) 

.2147 

IB 

130 

31.79  ±37.67,  15(0,  160) 

1  IA 

22 

20.08  ±  28.53,  3.33  (0,  90) 

MB 

53 

39.97  ±43.66,  25  (0,  136.67) 

IIIA 

61 

31.46  ±40.92,  15(0,  136.67) 

plGF1R_c 

IA 

101 

5.43  ±  12.33,  0  (0,  65) 

.8486 

IB 

131 

7.23  ±17.01,  0(0,  120) 

1  IA 

22 

5.91  ±  9.42,  0  (0,  33.33) 

MB 

53 

4.59  ±  9.99,  0  (0,  43.33) 

IIIA 

61 

4.54  ±  11.07,  0(0,  65) 

plGF1R_m 

IA 

101 

10.38  ±35.24,  0(0,  240) 

.4719 

IB 

131 

14.95  ±41.21, 0  (0,  230) 

1  IA 

22 

28.03  ±56.55,  0(0,  210) 

MB 

53 

17.83  ±47,  0(0,  240) 

IIIA 

61 

8.14  ±20.91,  0(0,  120) 

pS6_c 

IA 

103 

46.59  ±  47.78,  25  (0,  200) 

.4861 

IB 

131 

44.26  ±38.7,  36.67  (0,  143.33) 

1  IA 

22 

29.47  ±  34.05,  18.33  (0,  126.67) 

MB 

53 

48.49  ±49.01, 35  (0,  200) 

IIIA 

61 

43.77  ±37.22,  40  (0,  153.33) 

pS6_m 

IA 

103 

5.79  ±  22.76,  0  (0,  150) 

.4219 

IB 

131 

5.7  ±  20.27,  0  (0,  180) 

1  IA 

22 

1.52  ±5.32,  0(0,  23.33) 

MB 

53 

5.88  ±  14.06,  0(0,  60) 

IIIA 

61 

8.99  ±  23.87,  0  (0,  120) 

pSRC_c 

IA 

103 

2.72  ±  6.48,  0  (0,  33.33) 

.5796 

IB 

130 

3.63  ±  7.69,  0  (0,  40) 

1  IA 

22 

3.33  ±  9.32,  0  (0,  40) 

MB 

53 

2.96  ±  6.94,  0  (0,  30) 

IIIA 

61 

2.35  ±5.41,  0(0,  30) 
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covariate 

PathStage 

n 

mean  ±  std,  median  (min,  max) 

pValue 

pSRC_m 

IA 

103 

15.08  ±30.14,  0(0,  145) 

.9180 

IB 

131 

20.8  ±42.13,  0(0,  190) 

1  IA 

22 

18.64  ±41.45,  0(0,  180) 

MB 

53 

15.19  ±31.71,  0(0,  160) 

IIIA 

61 

14.51  ±27.27,0(0,  130) 

pmTOR_c 

IA 

103 

40.73  ±47.98,  30  (0,210) 

.1905 

IB 

131 

40.35  ±  53.77,  20  (0,  230) 

1  IA 

22 

46.29  ±  70.54,  7.5  (0,  230) 

MB 

52 

25.96  ±37.76,  6.67  (0,  160) 

IIIA 

61 

42.38  ±56.5,  15(0,  200) 

pmTOR_m 

IA 

103 

68.54  ±71.87,  55  (0,  240) 

.1051 

IB 

131 

63.57  ±  69.76,  40  (0,  240) 

1  IA 

22 

54.62  ±  73.73,  5  (0,  226.67) 

MB 

53 

47.11  ±62.01,  13.33  (0,  230) 

IIIA 

61 

60.25  ±65.16,  35  (0,  230) 

covariate 

stage 

n 

mean  ±  std,  median  (min,  max) 

pValue 

IGF1  R_c 

1 

232 

21.24  ±36.02,  5(0,  190) 

.3655 

II 

74 

25.97  ±37.65,  10(0,  180) 

IIIA 

61 

22.28  ±35.04,  3.33  (0,  150) 

IGF1R_m 

1 

232 

2.59  ±  10.98,  0(0,  80) 

.1064 

II 

74 

6.44  ±  22.26,  0  (0,  120) 

IIIA 

61 

4.43  ±  12.48,  0  (0,  66.67) 

IGFBP3_c 

1 

234 

24.54  ±32.91,  10(0,  160) 

.1301 

II 

75 

22.2  ±36.59,  6.67  (0,  180) 

IIIA 

61 

27.8  ±29.15,  16.67  (0,  100) 

IGFBP3_m 

1 

234 

12.93  ±36.16,  0(0,  240) 

.2910 

II 

75 

8.31  ±23.52,0(0,  163.33) 

IIIA 

61 

10.79  ±  17.99,  0(0,  60) 

lnsulin_c 

1 

231 

45.65  ±47.45,  30  (0,  186.67) 

.6956 

30 


covariate  stage  n  mean  ±  std,  median  (min,  max)  pVaiue 


II 

75 

41.64  ±45.99,  26.67  (0,  180) 

IIIA 

61 

41.34  ±43.72,  26.67  (0,  180) 

Insulinjm 

1 

230 

13.78  ±26.2,  0(0,  130) 

.5161 

II 

75 

14.56  ±  32.3,  0  (0,  180) 

IIIA 

61 

17.98  ±31.44,  0(0,  120) 

pAKT_c 

1 

233 

4.31  ±  14.26,  0  (0,  86.67) 

.0187 

II 

75 

1.78  ±  11.13,  0(0,  86.67) 

IIIA 

61 

3.61  ±  10.86,0(0,  65) 

pAKT_m 

1 

234 

0.33  ±  2.42,  0  (0,  30) 

.3904 

II 

75 

0.09  ±  0.77,  0  (0,  6.67) 

IIIA 

61 

0  ±  0,  0  (0,  0) 

pAKT_n 

1 

234 

1.15  ±4.58,  0(0,  40) 

.5370 

II 

75 

0.76  ±3.18,  0(0,  20) 

IIIA 

61 

1.37  ±4.62,  0(0,  26.67) 

pAMPK_c 

1 

234 

43.73  ±  50.85,  20  (0,  200) 

.2845 

II 

75 

35.58  ±44.55,  13.33  (0,  160) 

IIIA 

61 

33.96  ±46.64,  6.67  (0,  180) 

pAMPK_m 

1 

234 

2.88  ±12.11,  0(0,  110) 

.4512 

II 

75 

1.29  ±4.42,  0(0,  25) 

IIIA 

61 

1.53  ±7.93,  0(0,  60) 

pEGFR_c 

1 

234 

20.53  ±40.1,  0(0,  190) 

.6924 

II 

74 

17.45  ±35.6,  0(0,  150) 

IIIA 

60 

14.5  ±27.79,  0(0,  120) 

pEGFR_m 

1 

234 

17.55  ±31.34,  3.33  (0,  160) 

.4237 

II 

74 

13.51  ±28.65,0(0,  143.33) 

IIIA 

61 

16.5  ±27.1,  6.67  (0,  130) 

pEGFR_n 

1 

233 

30.25  ±37.79,  13.33  (0,  160) 

.7972 

II 

75 

34.13  ±40.67,  15(0,  136.67) 

IIIA 

61 

31.46  ±40.92,  15(0,  136.67) 

plGF1R_c 

1 

232 

6.44  ±15.15,  0(0,  120) 

.8466 

II 

75 

4.98  ±  9.78,  0  (0,  43.33) 

IIIA 

61 

4.54  ±  11.07,  0(0,  65) 
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covariate 

stage 

1  n 

mean  ±  std,  median  (min,  max) 

pValue 

plGF1R_m 

1 

232 

12.96  ±38.71,  0(0,  240) 

.7211 

II 

75 

20.82  ±49.81, 0(0,  240) 

IIIA 

61 

8.14  ±20.91,  0(0,  120) 

pS6_c 

1 

234 

45.28  ±  42.85,  33.33  (0,  200) 

.6571 

II 

75 

42.91  ±  45.74,  30  (0,  200) 

IIIA 

61 

43.77  ±37.22,  40  (0,  153.33) 

pS6_m 

1 

234 

5.74  ±21 .35,  0(0,  180) 

.4846 

II 

75 

4.6  ±  12.29,  0  (0,  60) 

IIIA 

61 

8.99  ±  23.87,  0  (0,  120) 

pSRC_c 

1 

233 

3.23  ±7.18,  0(0,  40) 

.6189 

II 

75 

3.07  ±  7.65,  0  (0,  40) 

IIIA 

61 

2.35  ±5.41,  0(0,  30) 

pSRC_m 

1 

234 

18.28  ±37.36,  0(0,  190) 

.7722 

II 

75 

16.2  ±34.6,  0(0,  180) 

IIIA 

61 

14.51  ±27.27,  0  (0,  130) 

pmTOR_c 

1 

234 

40.52  ±51.2,  21.67  (0,  230) 

.0625 

II 

74 

32  ±50.15,  6.67  (0,  230) 

IIIA 

61 

42.38  ±56.5,  15(0,  200) 

pmTORjn 

1 

234 

65.76  ±  70.59,  45  (0,  240) 

1)261 

II 

75 

49.31  ±65.24,  10(0,  230) 

IIIA 

61 

60.25  ±65.16,  35  (0,  230) 

Table  13.  Marker  by  Grade 


covariate 

gradeO 

n 

IGF1  R_c 

1  Poorly 

122 

2  Moderately 

196 

3  Well 

36 

IGFIRjm 

1  Poorly 

122 

2  Moderately 

196 

3  Well 

36 

IGFBP3_c 

1  Poorly 

122 

mean  ±  std,  median  (min,  max) 
19.54  ±33.95,  5.83  (0,  150) 
26.47  ±37.61,  10(0,  180) 

9.12  ±32.83,  0(0,  190) 

2.62  ±  9.26,  0  (0,  60) 

4.8  ±17.18,  0(0,  120) 

2.13  ±  12.78,  0(0,  76.67) 

26.17  ±34.9,  10(0,  170) 


pValue 

.0002 


.1748 


.8743 


32 


covariate  graded 


n  mean  ±  std,  median  (min,  max)  pValue 


2  Moderately 

199 

25.15  ±33.2,  10(0,  180) 

3  Well 

36 

22.41  ±29.26,  6.67  (0,  116.67) 

IGFBP3_m 

1  Poorly 

122 

16.08  ±43.48,  0(0,  240) 

.3839 

2  Moderately 

199 

10.44  ±24.95,  0(0,  193.33) 

3  Well 

36 

5.83  ±13.41,  0(0,  60) 

lnsulin_c 

1  Poorly 

121 

47.19  ±47.34,  33.33  (0,  180) 

.6229 

2  Moderately 

197 

43.17  ±47.77,  25  (0,  186.67) 

3  Well 

36 

39.4  ±  37.58,  28.33  (0,  123.33) 

Insulinjm 

1  Poorly 

121 

21.35  ±32.89,  0(0,  120) 

.0111 

2  Moderately 

196 

12.67  ±27.3,  0(0,  180) 

3  Well 

36 

3.43  ±6.51,  0(0,  30) 

pAKT_c 

1  Poorly 

121 

3.15  ±  10.32,  0(0,  65) 

.6710 

2  Moderately 

199 

3.98  ±  14.34,  0(0,  86.67) 

3  Well 

36 

4.26  ±  16.51,  0(0,  83.33) 

pAKT_m 

1  Poorly 

122 

0.11  ±  1.21,  0  (0,  13.33) 

.2640 

2  Moderately 

199 

0.35  ±  2.49,  0  (0,  30) 

3  Well 

36 

0  ±  0,  0  (0,  0) 

pAKT_n 

1  Poorly 

122 

0.75  ±3.25,  0(0,  26.67) 

.5510 

2  Moderately 

199 

1.31  ±4.82,  0  (0,  40) 

3  Well 

36 

0.46  ±  1.62,  0(0,  6.67) 

pAMPK_c 

1  Poorly 

122 

47.61  ±53.83,  20  (0,  186.67) 

.1009 

2  Moderately 

199 

34.9  ±45.52,  10(0,  200) 

3  Well 

36 

48.1  ±50.69,  35  (0,  175) 

pAMPK_m 

1  Poorly 

122 

3.5  ±  12.11,  0  (0,  70) 

.1176 

2  Moderately 

199 

1.95  ±  10.24,  0  (0,  110) 

3  Well 

36 

1.34  ±4.69,  0(0,  20) 

pEGFR_c 

1  Poorly 

121 

22.62  ±42.61, 0(0,  170) 

.0983 

2  Moderately 

198 

18.62  ±35.6,  0(0,  190) 

3  Well 

36 

7.82  ±  17.72,  0(0,  70) 

pEGFRjm 

1  Poorly 

121 

16.83  ±29.5,  3.33  (0,  140) 

M 

2  Moderately 

199 

18.24  ±31.64,  3.33  (0,  160) 

3  Well 

36 

7.78  ±23.16,  0(0,  120) 
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covariate 

gradeO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

pEGFR_n 

1  Poorly 

122 

38.74  ±41.99,  20  (0,  160) 

E-oH 

2  Moderately 

199 

27.37  ±37.14,  10(0,  150) 

3  Well 

35 

28.69  ±  37.57,  6.67  (0,  123.33) 

pIGFIRc 

1  Poorly 

121 

6.74  ±  15.96,  0(0,  120) 

.1089 

2  Moderately 

198 

6.18  ±13.17,  0(0,  90) 

3  Well 

36 

1.57  ±4.1,  0(0,  20) 

plGF1R_m 

1  Poorly 

121 

14.02  ±  38.38,  0  (0,  240) 

.4286 

2  Moderately 

198 

15.76  ±43.04,  0(0,  240) 

3  Well 

36 

3.38  ±  7.69,  0  (0,  30) 

pS6_c 

1  Poorly 

122 

44  ±42.96,  34.17  (0,  200) 

.0795 

2  Moderately 

199 

42.44  ±41.63,  30  (0,  155) 

3  Well 

36 

56.39  ±43.22,  50  (3.33,  180) 

pS6_m 

1  Poorly 

122 

6.43  ±  18.65,  0(0,  120) 

.3905 

2  Moderately 

199 

6.62  ±  23.08,  0  (0,  180) 

3  Well 

36 

2.5  ±9.61, 0(0,  53.33) 

pSRC_c 

1  Poorly 

122 

3.28  ±  7.02,  0  (0,  40) 

[03(81 

2  Moderately 

198 

3.28  ±7.31,  0(0,  40) 

3  Well 

36 

1.57  ±6.25,  0(0,  30) 

pSRC_m 

1  Poorly 

122 

20.18  ±37.08,  0(0,  180) 

iM 

2  Moderately 

199 

18.65  ±37.05,  0(0,  190) 

3  Well 

36 

1.85  ±8.49,  0(0,  50) 

pmTOR_c 

1  Poorly 

121 

31.07  ±39.04,  13.33  (0,  170) 

<.0001 

2  Moderately 

199 

34.62  ±48.23,  10(0,  230) 

3  Well 

36 

83.89  ±  73.54,  60  (0,  230) 

pmTORjn 

1  Poorly 

122 

56.5  ±  65.85,  28.33  (0,  240) 

■ 

2  Moderately 

199 

57.97  ±  68.48,  30  (0,  240) 

3  Well 

36 

93.33  ±  70.37,  67.5  (0,  230) 
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2.2  Overall  survival 


Table  14.  Univariate  Cox  model  assessing  effect  of  covariates  on  overall  survival 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

IGF1  R_c 

0.0026 

0.0020 

1 .0026 

0.9987 

1.0066 

0.1886 

367 

157 

210 

IGF1  R_c_01 

0.3260 

0.1663 

1.3855 

1.0002 

1.9192 

|.04§fj 

367 

157 

210 

IGF1R_c_01m 

0.2856 

0.1613 

1.3306 

0.9699 

1.8253 

0.0766 

367 

157 

210 

IGF1R_m 

0.0019 

0.0049 

1.0019 

0.9923 

1.0115 

0.7007 

367 

157 

210 

IGF1R_m_01 

0.3614 

0.2149 

1.4353 

0.9419 

2.1871 

— 

367 

157 

210 

IGFBP3_c 

0.0003 

0.0024 

1.0003 

0.9955 

1.0050 

0.9082 

370 

160 

210 

IGFBP3_c_01 

0.1027 

0.1729 

1.1081 

0.7897 

1 .5550 

0.5525 

370 

160 

210 

IGFBP3_c_01m 

0.0588 

0.1589 

1 .0605 

0.7767 

1 .4480 

0.7115 

370 

160 

210 

IGFBP3_m 

0.0005 

0.0026 

1 .0005 

0.9954 

1.0057 

0.8347 

370 

160 

210 

IGFBP3_m_01 

0.1080 

0.1648 

1.1140 

0.8065 

1.5388 

0.5122 

370 

160 

210 

lnsulin_c 

0.0016 

0.0017 

1.0016 

0.9983 

1 .0049 

0.3366 

367 

160 

207 

lnsulin_c_01 

-0.3352 

0.2115 

0.7152 

0.4725 

1.0826 

0.1130 

367 

160 

207 

lnsulin_c_01m 

0.1229 

0.1586 

1.1307 

0.8286 

1 .5430 

0.4386 

367 

160 

207 

Insulinjm 

0.0044 

0.0026 

1 .0044 

0.9993 

1.0096 

ES9H 

366 

160 

206 

lnsulin_m_01 

0.2329 

0.1588 

1 .2622 

0.9246 

1.7231 

0.1426 

366 

160 

206 

pAKT_c 

-0.0008 

0.0059 

0.9992 

0.9877 

1.0108 

0.8865 

369 

159 

210 

pAKT_c_01 

0.2679 

0.2101 

1.3073 

0.8659 

1.9735 

0.2023 

369 

159 

210 

pAKT_m 

-0.0164 

0.0420 

0.9837 

0.9059 

1.0682 

0.6958 

370 

160 

210 

pAKT_m_01 

-0.8438 

0.7144 

0.4301 

0.1060 

1 .7444 

0.2375 

370 

160 

210 

pAKT_n 

-0.0070 

0.0169 

0.9931 

0.9607 

1 .0264 

0.6794 

370 

160 

210 

pAKT_n_01 

0.2613 

0.2354 

1 .2986 

0.8187 

2.0598 

0.2669 

370 

160 

210 

pAMPK_c 

-0.0032 

0.0017 

0.9968 

0.9934 

1.0002 

■>6| 

370 

160 

210 

pAMPK_c_01 

-0.3682 

0.1659 

0.6920 

0.4999 

0.9579 

0.0265 

370 

160 

210 

pAMPK_m 

0.0003 

0.0077 

1.0003 

0.9853 

1.0155 

0.9732 

370 

160 

210 

pAMPK_m_01 

-0.1535 

0.2297 

0.8577 

0.5468 

1 .3456 

0.5042 

370 

160 

210 

pEGFR_c 

-0.0003 

0.0023 

0.9997 

0.9953 

1.0041 

0.8865 

368 

158 

210 

pEGFR_c_01 

-0.0092 

0.1609 

0.9908 

0.7228 

1.3582 

0.9543 

368 

158 

210 

pEGFR_m 

-0.0003 

0.0027 

0.9997 

0.9944 

1.0049 

0.8967 

369 

159 

210 

pEGFR_m_01 

-0.0165 

0.1589 

0.9836 

0.7204 

1 .3430 

0.9172 

369 

159 

210 
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covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

pEGFR_m_01m 

-0.0165 

0.1589 

0.9836 

0.7204 

1 .3430 

0.9172 

369 

159 

210 

pEGFR_n 

0.0002 

0.0021 

1 .0002 

0.9961 

1 .0042 

0.9394 

369 

160 

209 

pEGFR_n_01 

-0.1673 

0.1700 

0.8460 

0.6062 

1.1805 

0.3252 

369 

160 

209 

pEGFR_n_01m 

-0.0199 

0.1586 

0.9803 

0.7184 

1.3377 

0.9001 

369 

160 

209 

pIGFI  R_c 

-0.0027 

0.0064 

0.9973 

0.9848 

1.0099 

0.6690 

368 

160 

208 

pIGFI  R_c_01 

0.0946 

0.1681 

1.0993 

0.7906 

1 .5284 

0.5735 

368 

160 

208 

plGF1R_m 

-0.0020 

0.0024 

0.9980 

0.9933 

1.0027 

0.4052 

368 

160 

208 

pIGFI  R_m_01 

-0.0056 

0.1752 

0.9944 

0.7055 

1.4017 

0.9744 

368 

160 

208 

pS6_c 

-0.0003 

0.0018 

0.9997 

0.9961 

1.0033 

0.8723 

370 

160 

210 

pS6_c_01 

0.0114 

0.2257 

1.0115 

0.6499 

1 .5742 

0.9598 

370 

160 

210 

pS6_c_01m 

-0.0543 

0.1583 

0.9472 

0.6944 

1.2918 

0.7317 

370 

160 

210 

pS6_m 

0.0020 

0.0034 

1.0020 

0.9954 

1.0086 

0.5596 

370 

160 

210 

pS6_m_01 

0.0711 

0.1924 

1.0737 

0.7364 

1 .5654 

0.7118 

370 

160 

210 

pSRC_c 

0.0121 

0.0102 

1.0121 

0.9922 

1.0325 

0.2356 

369 

160 

209 

pSRC_c_01 

0.2116 

0.1717 

1.2357 

0.8825 

1.7301 

0.2179 

369 

160 

209 

pSRC_m 

0.0009 

0.0022 

1.0009 

0.9966 

1.0053 

0.6719 

370 

160 

210 

pSRC_m_01 

0.1656 

0.1610 

1.1801 

0.8608 

1.6179 

0.3035 

370 

160 

210 

pmTOR_c 

-0.0020 

0.0017 

0.9980 

0.9946 

1.0014 

0.2392 

369 

160 

209 

pmTOR_c_01 

-0.4985 

0.1708 

0.6075 

0.4347 

0.8489 

loon 

369 

160 

209 

pmTOR_c_01m 

-0.3043 

0.1589 

0.7376 

0.5402 

1.0071 

0-05|i 

369 

160 

209 

pmTOR_m 

-0.0016 

0.0012 

0.9984 

0.9960 

1.0007 

0.1678 

370 

160 

210 

pmTOR_m_01 

-0.1991 

0.1798 

0.8195 

0.5761 

1.1657 

0.2682 

370 

160 

210 

pmTOR_m_01m 

-0.2709 

0.1584 

0.7627 

0.5591 

1.0405 

t§8g 

370 

160 

210 

36 


Table  15.  Multicovariate  Cox  model  assessing  effect  of  each  marker  independently  on  overall 
survival,  adjusting  for  age,  gender,  histology,  stage  and  neoadjuvant  treatment 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

IGF1R_c 

0.0015 

0.0024 

1.0015 

0.9968 

1.0062 

0.5275 

364 

155 

209 

IGF1  R_c_01 

0.2619 

0.1866 

1 .2994 

0.9014 

1.8732 

0.1604 

364 

155 

209 

IGF1R_c_01m 

0.3100 

0.1842 

1.3635 

0.9502 

1.9565 

|§9gl 

364 

155 

209 

IGFIRjm 

-0.0026 

0.0054 

0.9974 

0.9869 

1.0080 

0.6295 

364 

155 

209 

IGF1R_m_01 

0.1450 

0.2410 

1.1560 

0.7208 

1.8541 

0.5474 

364 

155 

209 

IGFBP3_c 

-0.0009 

0.0025 

0.9991 

0.9941 

1.0041 

0.7175 

367 

158 

209 

IGFBP3_c_01 

0.0452 

0.1782 

1 .0463 

0.7378 

1 .4837 

0.7997 

367 

158 

209 

IGFBP3_c_01m 

-0.0334 

0.1652 

0.9671 

0.6996 

1.3370 

0.8396 

367 

158 

209 

IGFBP3_m 

-0.0003 

0.0029 

0.9997 

0.9941 

1 .0054 

0.9296 

367 

158 

209 

IGFBP3_m_01 

0.0030 

0.1730 

1.0030 

0.7146 

1 .4078 

0.9864 

367 

158 

209 

lnsulin_c 

0.0028 

0.0018 

1 .0028 

0.9994 

1.0063 

0.1083 

364 

158 

206 

lnsulin_c_01 

-0.3243 

0.2173 

0.7231 

0.4723 

1.1070 

0.1357 

364 

158 

206 

lnsulin_c_01m 

0.1440 

0.1638 

1.1549 

0.8377 

1.5921 

0.3794 

364 

158 

206 

lnsulin_m 

0.0038 

0.0027 

1.0038 

0.9985 

1.0090 

0.1579 

363 

158 

205 

lnsulin_m_01 

0.2356 

0.1623 

1 .2657 

0.9208 

1.7397 

0.1466 

363 

158 

205 

pAKT_c 

-0.0006 

0.0060 

0.9994 

0.9878 

1.0111 

0.9200 

366 

157 

209 

pAKT_c_01 

0.3100 

0.2203 

1 .3634 

0.8853 

2.0996 

0.1594 

366 

157 

209 

pAKT_m 

-0.0037 

0.0390 

0.9963 

0.9230 

1.0753 

0.9233 

367 

158 

209 

pAKT_m_01 

-0.6073 

0.7190 

0.5448 

0.1331 

2.2299 

0.3983 

367 

158 

209 

pAKT_n 

-0.0135 

0.0181 

0.9866 

0.9522 

1 .0222 

0.4558 

367 

158 

209 

pAKT_n_01 

0.2472 

0.2400 

1 .2804 

0.7999 

2.0495 

0.3031 

367 

158 

209 

pAMPK_c 

-0.0028 

0.0017 

0.9972 

0.9938 

1.0006 

0.1069 

367 

158 

209 

pAMPK_c_01 

-0.4263 

0.1694 

0.6529 

0.4684 

0.9101 

367 

158 

209 

pAMPK_m 

0.0015 

0.0077 

1.0015 

0.9864 

1.0168 

0.8453 

367 

158 

209 

pAMPK_m_01 

-0.1301 

0.2311 

0.8780 

0.5582 

1.3811 

0.5735 

367 

158 

209 

pEGFR_c 

-0.0002 

0.0024 

0.9998 

0.9952 

1.0045 

0.9482 

365 

156 

209 

pEGFR_c_01 

-0.0467 

0.1704 

0.9544 

0.6835 

1.3328 

0.7841 

365 

156 

209 

pEGFR_m 

-0.0022 

0.0028 

0.9978 

0.9924 

1.0032 

0.4280 

366 

157 

209 

pEGFR_m_01 

-0.1131 

0.1625 

0.8930 

0.6495 

1.2279 

0.4862 

366 

157 

209 

pEGFR_m_01m 

-0.1131 

0.1625 

0.8930 

0.6495 

1.2279 

0.4862 

366 

157 

209 
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covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

pEGFR_n 

-0.0002 

0.0021 

0.9998 

0.9957 

1.0040 

0.9288 

366 

158 

208 

pEGFR_n_01 

-0.0957 

0.1714 

0.9088 

0.6495 

1.2715 

0.5766 

366 

158 

208 

pEGFR_n_01m 

-0.0261 

0.1613 

0.9743 

0.7102 

1.3365 

0.8716 

366 

158 

208 

pIGFIRc 

-0.0034 

0.0068 

0.9966 

0.9835 

1.0100 

0.6197 

365 

158 

207 

pIGFI  R_c_01 

0.0132 

0.1756 

1.0133 

0.7183 

1 .4295 

0.9400 

365 

158 

207 

plGF1R_m 

-0.0027 

0.0026 

0.9973 

0.9923 

1.0023 

0.2865 

365 

158 

207 

plGF1R_m_01 

-0.0459 

0.1810 

0.9551 

0.6699 

1.3618 

0.7997 

365 

158 

207 

pS6_c 

-0.0005 

0.0019 

0.9995 

0.9958 

1.0032 

0.7888 

367 

158 

209 

pS6_c_01 

0.0547 

0.2376 

1 .0563 

0.6631 

1 .6826 

0.8178 

367 

158 

209 

pS6_c_01m 

-0.0825 

0.1641 

0.9208 

0.6676 

1.2701 

0.6151 

367 

158 

209 

pS6_m 

-0.0007 

0.0035 

0.9993 

0.9925 

1.0061 

0.8331 

367 

158 

209 

pS6_m_01 

0.0074 

0.2004 

1.0075 

0.6803 

1 .4920 

0.9704 

367 

158 

209 

pSRC_c 

0.0099 

0.0113 

1.0100 

0.9879 

1.0325 

0.3778 

366 

158 

208 

pSRC_c_01 

0.1417 

0.1848 

1.1522 

0.8021 

1.6551 

0.4433 

366 

158 

208 

pSRC_m 

-0.0001 

0.0024 

0.9999 

0.9952 

1.0046 

0.9526 

367 

158 

209 

pSRC_m_01 

0.0665 

0.1680 

1 .0688 

0.7689 

1 .4856 

0.6921 

367 

158 

209 

pmTOR_c 

-0.0009 

0.0019 

0.9991 

0.9954 

1.0028 

0.6315 

366 

158 

208 

pmTOR_c_01 

-0.5680 

0.1997 

0.5667 

0.3831 

0.8381 

p04| 

366 

158 

208 

pmTOR_c_01m 

-0.1809 

0.1783 

0.8345 

0.5884 

1.1837 

0.3104 

366 

158 

208 

pmTOR_m 

-0.0013 

0.0014 

0.9987 

0.9959 

1.0015 

0.3617 

367 

158 

209 

pmTOR_m_01 

-0.1737 

0.2217 

0.8406 

0.5443 

1.2981 

0.4335 

367 

158 

209 

pmTOR_m_01m 

-0.2320 

0.1904 

0.7929 

0.5460 

1.1516 

0.2230 

367 

158 

209 
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Final  multicovariate  Cox  Model  assessing  the  following  covariates  on  overall  survival 


Analysis  of  Maximum  Likelihood  Estimates 

Variable 

Parameter 

Estimate 

Standard 

Error 

p-value 

Hazard 

Ratio 

95%  Hazard 

Ratio 

Confidence 

Limits 

Age 

0.0317 

0.0090 

0.0004 

1.032 

1.014 

1.051 

Gender  M  vs  F 

0.2180 

0.1648 

0.1859 

1.244 

0.900 

1.718 

Stage  II  vs  1 

0.3711 

0.2074 

0.0736 

1.449 

0.965 

2.176 

III  vs  1 

0.9189 

0.2146 

<.0001 

2.507 

1.646 

3.817 

Neoadjuvant  (Yes  vs  No) 

0.4398 

0.2113 

0.0374 

1.552 

1.026 

2.349 

pAMPK_c_01  (Pos  vs  0) 

-0.3884 

0.1692 

0.0217 

0.678 

0.487 

0.945 

pmTOR_c_01  (Pos  vs  0) 

-0.4720 

0.1794 

0.0085 

0.624 

0.439 

0.887 

2.3  Recurrence  free  survival 

Table  16.  Univariate  Cox  model  assessing  effect  of  covariates  on  recurrence  free  survival 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

IGF1R_c 

0.0039 

0.0018 

1.0039 

1 .0004 

1.0075 

0.0300 

367 

206 

161 

IGF1  R_c_01 

0.1312 

0.1422 

1.1402 

0.8629 

1.5065 

0.3562 

367 

206 

161 

IGF1R_c_01m 

0.1178 

0.1401 

1.1250 

0.8548 

1 .4805 

0.4007 

367 

206 

161 

IGFIRjn 

0.0011 

0.0046 

1.0011 

0.9921 

1.0102 

0.8148 

367 

206 

161 

IGF1R_m_01 

0.3607 

0.1925 

1 .4344 

0.9835 

2.0919 

0.0610 

367 

206 

161 

IGFBP3_c 

0.0013 

0.0020 

1.0013 

0.9973 

1.0053 

0.5231 

370 

209 

161 

IGFBP3_c_01 

0.2362 

0.1539 

1 .2664 

0.9366 

1.7124 

0.1249 

370 

209 

161 

IGFBP3_c_01m 

0.1895 

0.1396 

1 .2087 

0.9193 

1.5892 

0.1747 

370 

209 

161 

IGFBP3_m 

-0.0006 

0.0024 

0.9994 

0.9947 

1.0041 

0.7937 

370 

209 

161 

IGFBP3_m_01 

0.1059 

0.1444 

1.1117 

0.8377 

1 .4753 

0.4632 

370 

209 

161 

lnsulin_c 

-0.0002 

0.0015 

0.9998 

0.9968 

1.0028 

0.8965 

367 

209 

158 

lnsulin_c_01 

-0.2956 

0.1879 

0.7441 

0.5148 

1 .0754 

0.1157 

367 

209 

158 

lnsulin_c_01m 

-0.0065 

0.1385 

0.9935 

0.7573 

1.3033 

0.9623 

367 

209 

158 

Insulinjn 

0.0036 

0.0024 

1.0036 

0.9990 

1.0083 

0.1283 

366 

209 

157 

lnsulin_m_01 

0.2649 

0.1392 

1.3033 

0.9922 

1.7120 

|.056| 

366 

209 

157 
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covariate 


Estimate  StdErr  HazardRatio  HRLowerCL  HRUpperCL  pValue  Total  Event  Censored 


pAKT_c 

-0.0018 

0.0053 

0.9982 

pAKT_c_01 

0.1137 

0.1937 

1.1205 

pAKT_m 

-0.0337 

0.0411 

0.9669 

pAKT_m_01 

-0.7017 

0.5853 

0.4958 

pAKT_n 

-0.0087 

0.0151 

0.9913 

pAKT_n_01 

0.1099 

0.2174 

1.1162 

pAMPK_c 

-0.0036 

0.0015 

0.9964 

pAMPK_c_01 

-0.4203 

0.1459 

0.6568 

pAMPK_m 

-0.0023 

0.0071 

0.9977 

pAMPK_m_01 

-0.2542 

0.2065 

0.7755 

pEGFRc 

-0.0016 

0.0020 

0.9984 

pEGFR_c_01 

-0.1404 

0.1414 

0.8690 

pEGFR_m 

-0.0010 

0.0024 

0.9990 

pEGFR_m_01 

-0.0561 

0.1388 

0.9454 

pEGFR_m_01m 

-0.0561 

0.1388 

0.9454 

pEGFRn 

-0.0006 

0.0018 

0.9994 

pEGFR_n_01 

-0.1760 

0.1497 

0.8386 

pEGFR_n_01m 

-0.1250 

0.1388 

0.8825 

pIGFIRc 

-0.0083 

0.0061 

0.9918 

plGF1R_c_01 

0.0266 

0.1480 

1.0270 

pIGFIRm 

-0.0022 

0.0021 

0.9978 

plGF1R_m_01 

-0.0806 

0.1541 

0.9226 

pS6_c 

-0.0006 

0.0016 

0.9994 

pS6_c_01 

0.0294 

0.1977 

1.0298 

pS6_c_01 m 

0.0127 

0.1386 

1.0127 

pS6_m 

0.0044 

0.0029 

1 .0044 

pS6_m_01 

0.1027 

0.1704 

1.1081 

pSRC_c 

0.0071 

0.0094 

1.0071 

pSRC_c_01 

0.1245 

0.1524 

1.1326 

pSRC_m 

-0.0008 

0.0020 

0.9992 

pSRC_m_01 

0.0526 

0.1416 

1.0540 

pmTOR_c 

-0.0022 

0.0015 

0.9978 

.9879 

1.0087 

0.7368 

369 

208 

161 

.7666 

1.6377 

0.5570 

369 

208 

161 

.8921 

1 .0479 

0.4121 

370 

209 

161 

.1574 

1.5613 

0.2306 

370 

209 

161 

.9625 

1.0210 

0.5615 

370 

209 

161 

.7289 

1.7093 

0.6132 

370 

209 

161 

.9935 

0.9993 

|§i| 

370 

209 

161 

.4935 

0.8742 

1.0040 

370 

209 

161 

.9840 

1.0116 

0.7465 

370 

209 

161 

.5174 

1.1623 

0.2182 

370 

209 

161 

.9945 

1 .0024 

0.4375 

368 

207 

161 

.6586 

1.1466 

0.3208 

368 

207 

161 

.9943 

1.0037 

0.6795 

369 

208 

161 

.7202 

1.2411 

0.6860 

369 

208 

161 

.7202 

1.2411 

0.6860 

369 

208 

161 

.9959 

1.0030 

0.7605 

369 

209 

160 

.6253 

1.1246 

0.2397 

369 

209 

160 

.6723 

1.1585 

0.3679 

369 

209 

160 

.9800 

1.0037 

0.1747 

368 

208 

160 

.7684 

1 .3724 

0.8574 

368 

208 

160 

.9938 

1.0018 

0.2850 

368 

208 

160 

.6820 

1 .2479 

0.6010 

368 

208 

160 

.9962 

1.0025 

0.6896 

370 

209 

161 

.6990 

1.5172 

0.8818 

370 

209 

161 

.7718 

1.3289 

0.9273 

370 

209 

161 

.9986 

1.0102 

0.1363 

370 

209 

161 

.7935 

1 .5475 

0.5467 

370 

209 

161 

.9888 

1 .0258 

0.4484 

369 

209 

160 

.8401 

1 .5269 

0.4139 

369 

209 

160 

.9952 

1.0031 

0.6761 

370 

209 

161 

.7985 

1.3912 

0.7104 

370 

209 

161 

.9948 

1.0007 

0.1383 

369 

209 

160 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 
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0. 
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0. 
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covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

pmTOR_c_01 

-0.4859 

0.1502 

0.6152 

0.4582 

0.8258 

0.0012 

369 

209 

160 

pmTOR_c_01m 

-0.4377 

0.1394 

0.6455 

0.4912 

0.8485 

369 

209 

160 

pmTORjn 

-0.0020 

0.0011 

0.9980 

0.9960 

1.0001 

|.062| 

370 

209 

161 

pmTOR_m_01 

-0.2257 

0.1564 

0.7979 

0.5873 

1 .0842 

0.1489 

370 

209 

161 

pmTOR_m_01m 

-0.3023 

0.1387 

0.7391 

0.5631 

0.9700 

H)2ii 

370 

209 

161 

Figure  4.  Martingale  residual  from  Cox  model  with  age,  gender,  histology  and  stage  for  recurrence 
free  survival  against  each  marker,  Dr.  HY  Lee 
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0  50  100  150 


pS6.m 


Table  17.  Multicovariate  Cox  model  assessing  effect  of  each  marker  independently  on  recurrence 
free  survival,  adjusting  for  age,  gender,  histology,  stage  and  neoadjuvant  treatment 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pVaiue 

Total 

Event 

Censored 

IGF1  R_c 

0.0034 

0.0022 

1 .0034 

0.9991 

1.0077 

0.1257 

364 

204 

160 

IGF1R_c_01 

0.0189 

0.1590 

1.0191 

0.7462 

1.3918 

0.9054 

364 

204 

160 

IGF1R_c_01m 

0.0753 

0.1595 

1.0782 

0.7887 

1 .4738 

0.6370 

364 

204 

160 

IGFIRjm 

-0.0041 

0.0051 

0.9959 

0.9860 

1.0059 

0.4174 

364 

204 

160 

IGF1R_m_01 

0.1278 

0.2152 

1.1363 

0.7453 

1.7325 

0.5525 

364 

204 

160 

IGFBP3_c 

-0.0001 

0.0021 

0.9999 

0.9958 

1.0041 

0.9795 

367 

207 

160 

IGFBP3_c_01 

0.1661 

0.1583 

1.1807 

0.8657 

1.6104 

0.2942 

367 

207 

160 

IGFBP3_c_01m 

0.0760 

0.1460 

1.0790 

0.8104 

1.4365 

0.6027 

367 

207 

160 

IGFBP3_m 

-0.0018 

0.0027 

0.9982 

0.9930 

1.0034 

0.4996 

367 

207 

160 

IGFBP3_m_01 

-0.0360 

0.1522 

0.9647 

0.7158 

1.3001 

0.8133 

367 

207 

160 

lnsulin_c 

0.0010 

0.0016 

1.0010 

0.9979 

1.0042 

0.5218 

364 

207 

157 

lnsulin_c_01 

-0.2639 

0.1935 

0.7681 

0.5256 

1.1222 

0.1726 

364 

207 

157 

lnsulin_c_01m 

0.0471 

0.1427 

1 .0482 

0.7924 

1.3866 

0.7415 

364 

207 

157 

Insulin  m 

0.0036 

0.0024 

1.0036 

0.9990 

1.0083 

0.1267 

363 

207 

156 
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covariate 


Estimate  StdErr  HazardRatio  HRLowerCL  HRUpperCL  pValue  Total  Event  Censored 


lnsulin_m_01 

0.3142 

0.1426 

1.3692 

pAKT_c 

-0.0021 

0.0053 

0.9979 

pAKT_c_01 

0.1373 

0.2007 

1.1471 

pAKT_m 

-0.0222 

0.0390 

0.9780 

pAKT_m_01 

-0.5288 

0.5902 

0.5893 

pAKT_n 

-0.0150 

0.0162 

0.9851 

pAKT_n_01 

0.0474 

0.2212 

1.0485 

pAMPK_c 

-0.0030 

0.0015 

0.9970 

pAMPK_c_01 

-0.4680 

0.1485 

0.6263 

pAMPK_m 

0.0003 

0.0070 

1.0003 

pAMPK_m_01 

-0.1904 

0.2085 

0.8267 

pEGFRc 

-0.0014 

0.0021 

0.9986 

pEGFR_c_01 

-0.1730 

0.1498 

0.8411 

pEGFR_m 

-0.0022 

0.0025 

0.9978 

pEGFR_m_01 

-0.1368 

0.1421 

0.8721 

pEGFR_m_01m 

-0.1368 

0.1421 

0.8721 

pEGFR_n 

-0.0008 

0.0018 

0.9992 

pEGFR_n_01 

-0.1134 

0.1507 

0.8928 

pEGFR_n_01m 

-0.1426 

0.1406 

0.8671 

plGF1R_c 

-0.0080 

0.0063 

0.9920 

plGF1R_c_01 

0.0032 

0.1547 

1.0032 

plGF1R_m 

-0.0026 

0.0022 

0.9974 

plGF1R_m_01 

-0.0923 

0.1587 

0.9118 

pS6_c 

-0.0008 

0.0017 

0.9992 

pS6_c_01 

0.1173 

0.2101 

1.1245 

pS6_c_01m 

-0.0015 

0.1432 

0.9985 

pS6_m 

0.0017 

0.0030 

1.0017 

pS6_m_01 

0.0577 

0.1754 

1 .0594 

pSRC_c 

0.0076 

0.0102 

1.0076 

pSRC_c_01 

0.1231 

0.1649 

1.1310 

pSRC_m 

-0.0014 

0.0022 

0.9986 

pSRC_m_01 

-0.0209 

0.1483 

0.9793 

.0353 

1.8109 

i§2g 

363 

207 

156 

.9876 

1.0083 

0.6877 

366 

206 

160 

.7741 

1.6999 

0.4940 

366 

206 

160 

.9060 

1 .0558 

0.5694 

367 

207 

160 

.1854 

1.8737 

0.3703 

367 

207 

160 

.9544 

1.0168 

0.3539 

367 

207 

160 

.6797 

1.6175 

0.8305 

367 

207 

160 

.9940 

0.9999 

|.045Sj 

367 

207 

160 

.4681 

0.8378 

0.0016 

367 

207 

160 

.9866 

1.0141 

0.9712 

367 

207 

160 

.5493 

1 .2439 

0.3612 

367 

207 

160 

.9945 

1.0028 

0.5250 

365 

205 

160 

.6271 

1.1282 

0.2482 

365 

205 

160 

.9930 

1.0027 

0.3767 

366 

206 

160 

.6601 

1.1523 

0.3357 

366 

206 

160 

.6601 

1.1523 

0.3357 

366 

206 

160 

.9956 

1.0028 

0.6577 

366 

207 

159 

.6644 

1.1996 

0.4518 

366 

207 

159 

.6582 

1.1423 

0.3106 

366 

207 

159 

.9798 

1 .0044 

0.2047 

365 

206 

159 

.7408 

1.3587 

0.9833 

365 

206 

159 

.9932 

1.0017 

0.2347 

365 

206 

159 

.6681 

1 .2445 

0.5607 

365 

206 

159 

.9960 

1.0025 

0.6503 

367 

207 

160 

.7449 

1.6976 

0.5766 

367 

207 

160 

.7541 

1 .3220 

0.9914 

367 

207 

160 

.9958 

1.0077 

0.5715 

367 

207 

160 

.7513 

1 .4940 

0.7420 

367 

207 

160 

.9876 

1.0281 

0.4582 

366 

207 

159 

.8186 

1.5626 

0.4554 

366 

207 

159 

.9944 

1.0029 

0.5313 

367 

207 

160 

.7323 

1.3096 

0.8879 

367 

207 

160 

1. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 
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covariate 


Estimate  StdErr  HazardRatio  HRLowerCL  HRUpperCL  pValue  Total  Event  Censored 


pmTOR_c 

-0.0010  0.0016 

0.9990 

0.9957 

1.0022 

0.5308 

366 

207 

159 

pmTOR_c_01 

-0.4535  0.1710 

0.6354 

0.4544 

0.8885 

|0080 

366 

207 

159 

pmTOR_c_01m 

-0.3559  0.1561 

0.7006 

0.5159 

0.9513 

0.0226 

366 

207 

159 

pmTORjm 

-0.0014  0.0012 

0.9986 

0.9962 

1.0010 

0.2612 

367 

207 

160 

pmTOR_m_01 

-0.1325  0.1921 

0.8759 

0.6010 

1 .2764 

0.4903 

367 

207 

160 

pmTOR_m_01m 

-0.2206  0.1661 

0.8021 

0.5792 

1.1106 

0.1841 

367 

207 

160 

Final  multicovariate  Cox  Model  assessing  the  following  covariates  on  recurrence  free  survival 

Analysis  of  Maximum  Likelihood  Estimates 

Variable 

Parameter 

Estimate 

Standard 

Error 

p-value 

Hazard 

Ratio 

95%  Hazard 

Ratio 

Confidence 

Limits 

Age 

0.0255 

0.0076 

0.0008 

1.026 

1.011 

1.041 

Stage 

II  vs  1 

0.5090 

0.1808 

0.0049 

1.664 

1.167 

2.371 

III  vs  1 

0.9843 

0.1856 

<.0001 

2.676 

1.860 

3.850 

Neoadjuvant  (Yes  vs  No) 

0.2768 

0.1884 

0.1418 

1.319 

0.912 

1.908 

IGF1R_c 

0.0032 

0.0019 

0.1021 

1.003 

0.999 

1.007 

lnsulin_m_ 

_01  (Pos  vs  0) 

0.3957 

0.1455 

0.0065 

1.485 

1.117 

1.976 

pAMPK_c_01  (Pos  vs  0) 

-0.4929 

0.1504 

0.0010 

0.611 

0.455 

0.820 

pmTOR_c 

_01  (Pos  \/s  0) 

-0.3956 

0.1627 

0.0150 

0.673 

0.489 

0.926 
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3.  Dr.  Koo 
3.1  Markers 


Table  18.  Descriptive  summary  of  markers 


covariate 

n 

mean  ±  std,  median  (min,  max) 

CASK_c 

370 

23.02  ±31.18,  10(0,  150) 

CASK_m 

370 

23.5  ±41.57,  0(0,  180) 

CD51_c 

370 

36.11  ±42.47,  20  (0,  210) 

CD51_m 

370 

29.2  ±43.02,  10(0,  240) 

CXCR2_c 

370 

32.41  ±30.83,  23.33  (0,  150) 

CXCR2_n 

367 

15.29  ±23.46,  3.33  (0,  120) 

EpCAM_c 

368 

25.04  ±32.99,  10(0,  180) 

EpCAM_m 

370 

63.27  ±64.94,  44.17(0,  270) 

SPP1_c 

370 

5.3  ±  25.67,  0  (0,  180) 

SPP1_n 

369 

56.53  ±  53.59,  45  (0,  240) 

Figure  5.  Distribution  of  markers,  Dr.  Koo  (Red  line  -  Mean,  Green  line  -  Median) 
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Table  19.  Correlation  between  markers 


CASK_c 

CASK_m 

CD51_c 

Spearman  Correlation  Coefficients 
Prob  >  \r\  under  HO:  Rho=0 
Number  of  Observations 

CD51_m  CXCR2_c  CXCR2_n 

EpCAM_c 

EpCAM_m 

SPP1_c 

SPP1_n 

CASK_c 

1 

0.20672 

-0.20549 

-0.25580 

0.15845 

-0.07132 

0.00706 

-0.08818 

0.05163 

-0.01888 

<.0001 

<.0001 

<.0001 

<.0001 

0.0022 

0.1727 

0.8927 

0.0903 

0.3220 

0.7177 

370 

370 

370 

370 

370 

367 

368 

370 

370 

369 

CASK_m 

0.20672 

1 

-0.19539 

-0.13551 

0.03810 

-0.00168 

-0.16675 

-0.04155 

-0.00873 

0.13647 

<.0001 

<.0001 

0.0002 

0.0091 

0.4650 

0.9745 

0.0013 

0.4255 

0.8671 

0.0087 

370 

370 

370 

370 

370 

367 

368 

370 

370 

369 

CD51_c 

-0.20549 

-0.19539 

1 

0.68597 

0.19444 

0.00772 

0.18579 

0.11893 

0.09961 

0.19700 

<.0001 

0.0002 

<.0001 

<.0001 

0.0002 

0.8828 

0.0003 

0.0221 

0.0556 

0.0001 

370 

370 

370 

370 

370 

367 

368 

370 

370 

369 

CD51_m 

-0.25580 

-0.13551 

0.68597 

1 

0.07311 

-0.07714 

0.04205 

0.08436 

0.00061 

0.23997 

<.0001 

0.0091 

<.0001 

<.0001 

0.1605 

0.1402 

0.4213 

0.1052 

0.9907 

<.0001 

370 

370 

370 

370 

370 

367 

368 

370 

370 

369 

CXCR2_c 

0.15845 

0.03810 

0.19444 

0.07311 

1 

-0.00031 

0.24559 

0.20347 

0.21061 

0.30982 

0.0022 

0.4650 

0.0002 

0.1605 

<.0001 

0.9952 

<.0001 

<.0001 

<.0001 

<.0001 

370 

370 

370 

370 

370 

367 

368 

370 

370 

369 

CXCR2_n 

-0.07132 

-0.00168 

0.00772 

-0.07714 

-0.00031 

1 

-0.03994 

-0.12380 

0.00190 

-0.12987 

0.1727 

0.9745 

0.8828 

0.1402 

0.9952 

<.0001 

0.4468 

0.0177 

0.9711 

0.0129 

367 

367 

367 

367 

367 

367 

365 

367 

367 

366 

EpCAM_c 

0.00706 

-0.16675 

0.18579 

0.04205 

0.24559 

-0.03994 

1 

0.47211 

0.08455 

0.06822 

0.8927 

0.0013 

0.0003 

0.4213 

<.0001 

0.4468 

<.0001 

<.0001 

0.1054 

0.1922 

368 

368 

368 

368 

368 

365 

368 

368 

368 

367 

EpCAM_m 

-0.08818 

-0.04155 

0.11893 

0.08436 

0.20347 

-0.12380 

0.47211 

1 

0.08976 

0.17398 

0.0903 

0.4255 

0.0221 

0.1052 

<.0001 

0.0177 

<.0001 

<.0001 

0.0847 

0.0008 

370 

370 

370 

370 

370 

367 

368 

370 

370 

369 

SPP1_c 

0.05163 

-0.00873 

0.09961 

0.00061 

0.21061 

0.00190 

0.08455 

0.08976 

1 

0.01999 

0.3220 

0.8671 

0.0556 

0.9907 

<.0001 

0.9711 

0.1054 

0.0847 

<.0001 

0.7019 

370 

370 

370 

370 

370 

367 

368 

370 

370 

369 

SPP1_n 

-0.01888 

0.13647 

0.19700 

0.23997 

0.30982 

-0.12987 

0.06822 

0.17398 

0.01999 

1 

0.7177 

0.0087 

0.0001 

<.0001 

<.0001 

0.0129 

0.1922 

0.0008 

0.7019 

<.0001 

369 

369 

369 

369 

369 

366 

367 

369 

369 

369 
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Table  20.  Frequency  tables  for  dichotomized  markers 


covariate 

levels 

N  (%) 

covariate 

levels 

N  (%) 

CASK_c_01 

0 

155(41.9%) 

CASK_c_01m 

0 

178(48.1%) 

1 

215(58.1%) 

1 

192(51.9%) 

CASK_m_01 

0 

212(57.3%) 

CD51_c_01m 

0 

184(49.7%) 

1 

158(42.7%) 

1 

186(50.3%) 

CD51_c_01 

0 

130(35.1%) 

CD51_m_01m 

0 

160(43.2%) 

1 

240(64.9%) 

1 

210(56.8%) 

CD51_m_01 

0 

130(35.1%) 

CXCR2_c_01m 

0 

184(49.7%) 

1 

240(64.9%) 

1 

186(50.3%) 

covariate 

levels 

N(%) 

covariate 

levels 

N(%) 

CXCR2_c_01 

0 

50(13.5%) 

CXCR2_n_01m 

missing 

3 

1 

320(86.5%) 

0 

158(43.1%) 

CXCR2_n_01 

missing 

3 

1 

209(56.9%) 

0 

156(42.5%) 

EpCAM_c_01m 

missing 

2 

1 

211(57.5%) 

0 

154(41.8%) 

EpCAM_c_01 

missing 

2 

1 

214(58.2%) 

0 

136(37%) 

EpCAM_m_01m 

0 

185(50%) 

1 

232(63%) 

1 

185(50%) 

EpCAM_m_01 

0 

85(23%) 

SPP1_n_01m 

missing 

1 

1 

285(77%) 

0 

181(49.1%) 

SPP1_c_01 

0 

352(95.1%) 

1 

188(50.9%) 

1 

18(4.9%) 

SPP1_n_01 

Missing 

1 

0 

84(22.8%) 

1 

285(77.2%) 

Table  21.  Markers  by  gender 


covariate 

Gender  n 

mean  ±  std,  median  (min,  max) 

pValue 

CASK_c 

F 

184 

19.72 

±  30.06,  6.67  (0,  143.33) 

.0709 

M 

186 

26.28 

±32,  10(0,  150) 

CASK_m 

F 

184 

24.4  1 

:  43.94,  0(0,  180) 

.8817 

M 

186 

22.61 

±39.18,0(0,  180) 

CD51_c 

F 

184 

39.15 

±42.68,  30  (0,  180) 

.0621 

M 

186 

33.11 

±42.16,  11.67  (0,  210) 

CD51_m 

F 

184 

31.91 

:  43.14,  10  (0,  190) 

.0187 

M 

186 

26.53 

±42.85,  10  (0,  240) 

CXCR2_c 

F 

184 

30.33 

±30.23,  20  (0,  150) 

.1397 

M 

186 

34.47 

±31.35,  25.83  (0,  130) 

CXCR2_n 

F 

184 

15  ±22.76,  5(0,  105) 

.4713 

M 

183 

15.59 

±24.2,  3.33  (0,  120) 

EpCAM_c 

F 

184 

25.38 

±34.73,  10(0,  180) 

.7882 
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covariate 

Gender 

n 

mean  ±  std,  median  (min,  max) 

pValue 

M 

184 

24.7  ±31.24,  10(0,  180) 

EpCAM_m  F 

184 

63.13  ±  67.18,  41.67  (0,  256.67) 

.7333 

M 

186 

63.4  ±  62.84,  46.67  (0,  270) 

SPP1_c 

F 

184 

3.8  ±  20.34,  0  (0,  180) 

.6123 

M 

186 

6.77  ±30.01, 0(0,  180) 

SPP1_n 

F 

184 

53.48  ±  50.83,  45.83  (0,  180) 

.3588 

M 

185 

59.56  ±56.18,  43.33  (0,  240) 

Table  22.  Markers  by  Race 

covariate 

Race 

n 

mean  ±  std,  median  (min,  max) 

pVaiue 

CASK_c 

Black 

21 

24.29  ±28.47,  15(0,  90) 

.8357 

Hispanic 

14 

27.02  ±  40.67,  8.33  (0,  143.33) 

Oriental 

5 

29.33  ±  39.54,  3.33  (0,  83.33) 

White 

330 

22.67  ±30.91,  10(0,  150) 

CASK_m 

Black 

21 

25.32  ±43.11, 0(0,  133.33) 

.5940 

Hispanic 

14 

7.38  ±  16.75,  0(0,  60) 

Oriental 

5 

23.33  ±  48.53,  0  (0,  110) 

White 

330 

24.07  ±42.12,  0(0,  180) 

CD51_c 

Black 

21 

61.43  ±70.17,  40  (0,210) 

.7053 

Hispanic 

14 

35.24  ±45,  20  (0,  140) 

Oriental 

5 

36.33  ±42.63,  10(0,  90) 

White 

330 

34.54  ±39.73,  20  (0,  180) 

CD51_m 

Black 

21 

37.38  ±44.2,  23.33  (0,  150) 

.7361 

Hispanic 

14 

25.71  ±49.5,  7.5(0,  186.67) 

Oriental 

5 

45.33  ±76.11,  10(0,  180) 

White 

330 

28.59  ±42.2,  10(0,  240) 

CXCR2_c 

Black 

21 

36.67  ±  30.72,  33.33  (0,  85) 

.7963 

Hispanic 

14 

39.52  ±31.56,  60  (0,  76.67) 

Oriental 

5 

32.67  ±35.85,  10(3.33,  76.67) 

White 

330 

31.83  ±30.82,  20  (0,  150) 

CXCR2_n 

Black 

21 

13.29  ±  19.88,  5(0,  83.33) 

.3951 
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covariate 

Race 

n 

mean  ±  std,  median  (min,  max) 

pValue 

Hispanic 

14 

24.05  ±  26.99,  13.33  (0,  86.67) 

Oriental 

5 

3.33  ±4.71, 0(0,  10) 

White 

327 

15.23  ±23.63,  3.33  (0,  120) 

EpCAM_c 

Black 

21 

19.6  ±29.19,  6.67  (0,  110) 

.7884 

Hispanic 

14 

43.45  ±  59.98,  5  (0,  163.33) 

Oriental 

5 

62  ±80.12,  20  (0,  180) 

White 

328 

24.04  ±30.16,  10(0,  180) 

EpCAM_m 

Black 

21 

73.89  ±  58.36,  83.33  (0,  166.67) 

.3924 

Hispanic 

14 

43.45  ±  64.52,  20.83  (0,  240) 

Oriental 

5 

67.33  ±68.94,  50  (0,  180) 

White 

330 

63.37  ±65.4,  44.17(0,  270) 

SPP1_c 

Black 

21 

3.33  ±  15.28,  0(0,  70) 

.1207 

Hispanic 

14 

20.71  ±52.98,0(0,  160) 

Oriental 

5 

32  ±71.55,  0(0,  160) 

White 

330 

4.36  ±  23.02,  0  (0,  180) 

SPP1_n 

Black 

21 

69.76  ±60.28,  70  (0,  180) 

.7318 

Hispanic 

14 

42.08  ±  42.62,  31 .25  (0,  143.33) 

Oriental 

5 

54  ±61.48,  60  (0,  150) 

White 

329 

56.34  ±  53.5,  45  (0,  240) 

Table  23.  Markers  by  Smoking  Status 

covariate 

smoker 

n 

mean  ±  std,  median  (min,  max) 

pValue 

CASK_c 

1  Never 

38 

19.25  ±32.9,  5(0,  120) 

.5451 

2  Former 

170 

23.76  ±32.39,  10(0,  150) 

3  Current 

162 

23.12  ±29.57,  10(0,  143.33) 

CASK_m 

1  Never 

38 

17.72  ±33.65,  0(0,  130) 

.9028 

2  Former 

170 

25.5  ±  45.02,  0  (0,  180) 

3  Current 

162 

22.76  ±  39.49,  0  (0,  180) 

CD51_c 

1  Never 

38 

36.45  ±  34.69,  30  (0,  90) 

.0634 

2  Former 

170 

30.72  ±39.54,  14.17(0,210) 

3  Current 

162 

41.7  ±46.41,  25  (0,  180) 
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covariate 

smoker 

n 

mean  ±  std,  median  (min,  max) 

pValue 

CD51_m 

1  Never 

38 

30.92  ±33.07,  21.67  (0,  130) 

.1310 

2  Former 

170 

25.4  ±41 .44,  10(0,  240) 

3  Current 

162 

32.79  ±46.46,  10(0,  186.67) 

CXCR2_c 

1  Never 

38 

24.47  ±27.99,  13.33  (0,  80) 

|!26< 

2  Former 

170 

31.83  ±33.05,  16.67  (0,  150) 

3  Current 

162 

34.88  ±28.81, 30  (0,  110) 

CXCR2_n 

1  Never 

38 

18.97  ±25.07,  10(0,  100) 

.0899 

2  Former 

170 

15.18  ±22.72,  4.17(0,  110) 

3  Current 

159 

14.54  ±23.9,  3.33  (0,  120) 

EpCAM_c 

1  Never 

38 

32.79  ±52.63,  10(0,  180) 

.9193 

2  Former 

169 

23  ±26.48,  13.33  (0,  110) 

3  Current 

161 

25.36  ±33.18,  10(0,  180) 

EpCAM_m 

i  1  Never 

38 

49.25  ±53.29,  30  (0,  180) 

.6047 

2  Former 

170 

63.38  ±  63.06,  45  (0,  255) 

3  Current 

162 

66.44  ±69.16,  46.67  (0,  270) 

SPP1_c 

1  Never 

38 

0  ±  0,  0  (0,  0) 

.2727 

2  Former 

170 

4.18  ±21.88,  0(0,  180) 

3  Current 

162 

7.72  ±31 .53,  0(0,  180) 

SPP1_n 

1  Never 

38 

45.85  ±49.49,  34.92  (0,  160) 

.3213 

2  Former 

169 

56.82  ±55.15,  43.33  (0,  180) 

3  Current 

162 

58.73  ±52.88,  51.67  (0,  240) 

Table  24.  Markers  by  Histology 

covariate 

histologyO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

CASK_c 

ADENO 

227 

13.47  ±23.91, 0(0,  120) 

<0001 

Other 

17 

34.22  ±36.93,  20  (0,  105) 

see 

126 

38.7  ±35.08,  30  (0,  150) 

CASK_m 

ADENO 

227 

14.04  ±31.6,  0(0,  160) 

<.0001 

Other 

17 

18.04  ±38.28,  0(0,  150) 

sec 

126 

41.28  ±51.21,  16.67  (0,  180) 

CD51_c 

ADENO 

227 

42.37  ±40.13,  30  (0,210) 

<.0001 
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covariate 

histologyO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

Other 

17 

45.69  ±54,  10(0,  156.67) 

see 

126 

23.54  ±  42.38,  0  (0,  180) 

CD51_m 

ADENO 

227 

33.19  ±41.5,  16.67  (0,  240) 

<.0001 

Other 

17 

32.75  ±55.81,  10(0,  190) 

see 

126 

21.55  ±43.14,  0(0,  186.67) 

CXCR2_c 

ADENO 

227 

31.59  ±32.04,  20  (0,  150) 

.1277 

Other 

17 

43.92  ±29.18,  50  (0,  85) 

see 

126 

32.34  ±28.64,  23.33  (0,  110) 

CXCR2_n 

ADENO 

225 

16.68  ±24.38,  5(0,  105) 

.4110 

Other 

17 

7.57  ±  14.44,  2  (0,  56.67) 

see 

125 

13.85  ±22.58,  3.33  (0,  120) 

EpCAM_c 

ADENO 

226 

31.02  ±34.88,  20  (0,  180) 

<.0001 

Other 

17 

36.86  ±  28.59,  33.33  (0,  90) 

see 

125 

12.63  ±25.84,  0(0,  160) 

EpCAM_m 

ADENO 

227 

77.49  ±  65.39,  60  (0,  270) 

<.0001 

Other 

17 

105.88  ±74.92,  100  (0,  255) 

see 

126 

31.9  ±48.93,  6.67  (0,  200) 

SPP1_c 

ADENO 

227 

2.38  ±16.12,  0(0,  130) 

.0004 

Other 

17 

22.35  ±  49.06,  0  (0,  180) 

see 

126 

8.25  ±  33.23,  0  (0,  180) 

SPP1_n 

ADENO 

227 

52.33  ±  52.04,  40  (0,  180) 

.1672 

Other 

17 

61.67  ±  51.37,  66.67  (0,  166.67) 

see 

125 

63.45  ±  56.24,  53.33  (0,  240) 

Table  25.  Markers  by  Stage 


covariate  PathStage  n 

mean  ±  std,  median  (min,  max) 

pValue 

CASK_c  IA 

103 

18.07  ±28.63,  6.67  (0,  150) 

l042| 

IB 

131 

25.66  ±32.4,  10(0,  143.33) 

1  IA 

22 

39.24  ±36.39,  35  (0,  110) 

MB 

53 

25.75  ±31.64,  10(0,  110) 

IMA 

61 

17.46  ±28.09,  3.33  (0,  130) 

55 


covariate  Path  Stage  n  mean  ±  std,  median  (min,  max)  pValue 


CASK_m 

IA 

103 

21.36  ±39.14,  0(0,  156.67) 

.2911 

IB 

131 

23.37  ±  40.52,  0  (0,  170) 

1  IA 

22 

16.06  ±39.7,  0(0,  150) 

MB 

53 

33.18  ±49.05,  3.33  (0,  180) 

IIIA 

61 

21.67  ±41.4,  0(0,  180) 

CD51_c 

IA 

103 

31.39  ±35.77,  20  (0,  160) 

.2951 

IB 

131 

37.53  ±42.19,  20  (0,  210) 

1  IA 

22 

21 .74  ±34.24,  10(0,  120) 

MB 

53 

34.18  ±44.51,  15(0,  180) 

IIIA 

61 

47.9  ±51.68,  33.33  (0,  180) 

CD51_m 

IA 

103 

22.02  ±33.65,  10(0,  180) 

.5473 

IB 

131 

29.33  ±41.08,  10(0,  190) 

1  IA 

22 

22.27  ±41.55,  10(0,  180) 

MB 

53 

33.55  ±49,  10  (0,  180) 

IIIA 

61 

39.78  ±53.66,  10(0,  240) 

CXCR2_c 

IA 

103 

25.68  ±28.83,  16.67  (0,  130) 

.0548 

IB 

131 

35.94  ±32.28,  30  (0,  130) 

1  IA 

22 

39.24  ±  28.98,  35  (0,  90) 

MB 

53 

30.75  ±28.21,  16.67  (0,  100) 

IIIA 

61 

35.16  ±32.52,  26.67  (0,  150) 

CXCR2_n 

IA 

103 

20.57  ±28.24,  6.67  (0,  110) 

.2727 

IB 

129 

13.29  ±21.54,  3.33  (0,  90) 

1  IA 

22 

19.32  ±30.21,  5(0,  120) 

MB 

52 

11.83  ±  18.34,  3.33  (0,  73.33) 

IIIA 

61 

12.12  ±  17.97,  5(0,  86.67) 

EpCAM_c 

IA 

101 

21.11  ±24.1,  10  (0,  110) 

.7732 

IB 

131 

26.32  ±37.39,  10(0,  180) 

1  IA 

22 

31.29  ±41.92,  10(0,  180) 

MB 

53 

23.52  ±31.17,  3.33  (0,  130) 

IIIA 

61 

27.88  ±33.88,  10(0,  160) 

EpCAM_m 

IA 

103 

51.88  ±52.17,  40  (0,  186.67) 

.7263 

IB 

131 

69.52  ±71.97,  50  (0,  256.67) 
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covariate 

PathStage  n  mean  ±  std,  median  (min,  max) 

pValue 

IIA 

22  65.83  ±  67.43,  43.33  (0,  240) 

MB 

53  66.5  ±  70.5,  51  (0,  240) 

IMA 

61  65.36  ±62.18,  50(0,  270) 

SPP1_c 

IA 

103  1.65  ±  11.21,  0(0,  90) 

.1738 

IB 

131  4.05  ±21.4,  0(0,  160) 

IIA 

22  0±0,  0(0,  0) 

MB 

53  11.13  ±38.11,  0(0,  180) 

IMA 

61  10.98  ±38.59,  0(0,  180) 

SPP1_n 

IA 

103  50.96  ±55.14,  32.5(0,  240) 

.1666 

IB 

130  58.46  ±51.08,  50(0,  180) 

IIA 

22  37.95  ±43.13,  29.17  (0,  180) 

MB 

53  66.19  ±56.2,  63.33(0,  180) 

MIA 

61  60.14  ±56.26,  46.67(0,  180) 

covariate 

stage 

n  mean  ±  std,  median  (min,  max) 

pValue 

CASK_c 

1 

234  22.32  ±30.96,  10(0,  150) 

.1094 

II 

75  29.71  ±33.43,  15(0,  110) 

MIA 

61  17.46  ±28.09,  3.33(0,  130) 

CASK_m 

1 

234  22.49  ±39.85,  0(0,  170) 

.5254 

II 

75  28.16  ±46.9,  0(0,  180) 

MIA 

61  21.67  ±41.4,  0(0,  180) 

CD51_c 

1 

234  34.83  ±39.53,  20(0,  210) 

.1404 

II 

75  30.53  ±41.92,  10(0,  180) 

MIA 

61  47.9  ±51 .68,  33.33(0,  180) 

CD51_m 

1 

234  26.11  ±38.08,  10(0,  190) 

.2465 

II 

75  30.24  ±46.94,  10(0,  180) 

MIA 

61  39.78  ±53.66,  10(0,  240) 

CXCR2_c 

1 

234  31.42  ±  31.16,  20  (0,  130) 

.3639 

II 

75  33.24  ±28.51, 20(0,  100) 

MIA 

61  35.16  ±32.52,  26.67(0,  150) 

CXCR2_n 

1 

232  16.52  ±24.95,  5(0,  110) 

.6085 

II 

74  14.05  ±22.57,  3.33(0,  120) 
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covariate 

stage 

n 

mean  ±  std,  median  (min,  max) 

pValue 

IMA 

61 

12.12  ±  17.97,  5(0,  86.67) 

EpCAM_c 

1 

232 

24.05  ±32.33,  10  (0,  180) 

.6398 

II 

75 

25.8  ±34.55,  10(0,  180) 

IMA 

61 

27.88  ±33.88,  10(0,  160) 

EpCAM_m 

1 

234 

61 .75  ±  64.49,  41 .67  (0,  256.67) 

.7502 

II 

75 

66.3  ±69.16,  50  (0,  240) 

MIA 

61 

65.36  ±62.18,  50  (0,  270) 

SPP1_c 

1 

234 

2.99  ±  17.66,  0(0,  160) 

.1985 

II 

75 

7.87  ±  32.35,  0  (0,  180) 

MIA 

61 

10.98  ±38.59,  0(0,  180) 

SPP1_n 

1 

233 

55.14  ±52.93,  40  (0,  240) 

.8341 

II 

75 

57.91  ±53.99,  53.33  (0,  180) 

MIA 

61 

60.14  ±56.26,  46.67  (0,  180) 

Table  26.  Markers  by  Grade 


covariate 

gradeO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

CASK_c 

1  Poorly 

122 

23.57  ±30.42,  10  (0,  115) 

.4213 

2  Moderately 

199 

23.64  ±32.97,  10(0,  150) 

3  Well 

36 

13.7  ±20.36,  5(0,  83.33) 

CASK_m 

1  Poorly 

122 

23.16  ±43.91, 0(0,  180) 

.4954 

2  Moderately 

199 

24.45  ±41.34,  0  (0,  180) 

3  Well 

36 

17.73  ±34.64,  0(0,  156.67) 

CD51_c 

1  Poorly 

122 

39.56  ±45.46,  21.67  (0,  180) 

.4071 

2  Moderately 

199 

33.31  ±41.12,  16.67  (0,  210) 

3  Well 

36 

38.24  ±37.12,  30  (0,  115) 

CD51_m 

1  Poorly 

122 

28.91  ±44.01,  10  (0,  240) 

.3402 

2  Moderately 

199 

29.43  ±43.45,  10(0,  186.67) 

3  Well 

36 

26.94  ±27.15,  18.33  (0,  90) 

CXCR2_c 

1  Poorly 

122 

40.25  ±30.45,  31.67  (0,  130) 

<.0001 

2  Moderately 

199 

30.25  ±31,  16.67  (0,  150) 

3  Well 

36 

16.39  ±23.48,  3.33  (0,  80) 
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covariate 

gradeO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

CXCR2_n 

1  Poorly 

120 

9.67  ±  17.82,  0(0,  105) 

.0024 

2  Moderately 

198 

18.43  ±26.11, 5.83  (0,  120) 

3  Well 

36 

18.94  ±23.56,  10(0,  100) 

EpCAM_c 

1  Poorly 

121 

29.8  ±33.2,  20  (0,  160) 

.0129 

2  Moderately 

198 

21.61  ±32.58,  10(0,  180) 

3  Well 

36 

23.29  ±34.13,  10  (0,  163.33) 

EpCAM_m 

1  Poorly 

122 

65.98  ±57.31, 60  (0,  240) 

.1450 

2  Moderately 

199 

60.53  ±69.12,  33.33  (0,  270) 

3  Well 

36 

44.68  ±44.28,  30.83  (0,  170) 

SPP1_c 

1  Poorly 

122 

9.34  ±  34.52,  0  (0,  180) 

.0959 

2  Moderately 

199 

2.76  ±  16.93,  0(0,  160) 

3  Well 

36 

0±  0,0(0,  0) 

SPP1_n 

1  Poorly 

122 

68.3  ±55.12,  66.67  (0,  180) 

.0002 

2  Moderately 

198 

53.06  ±53.08,  41.67  (0,  240) 

3  Well 

36 

32.75  ±42.41,  10(0,  150) 

3.2  Overall  survival 

Table  27.  Univariate  Cox  model  assessing  effect  of  covariates  on  overall  survival 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

CASK_c 

0.0002 

0.0025 

1.0002 

0.9953 

1.0051 

0.9406 

370 

160 

210 

CASK_c_01 

0.0926 

0.1615 

1.0970 

0.7994 

1 .5054 

0.5663 

370 

160 

210 

CASK_c_01m 

0.1126 

0.1588 

1.1192 

0.8198 

1.5279 

0.4783 

370 

160 

210 

CASK_m 

-0.0019 

0.0021 

0.9981 

0.9941 

1.0021 

0.3497 

370 

160 

210 

CASK_m_01 

-0.1135 

0.1612 

0.8927 

0.6509 

1 .2243 

0.4813 

370 

160 

210 

CD51_c 

0.0014 

0.0018 

1.0014 

0.9978 

1.0049 

0.4502 

370 

160 

210 

CD51_c_01 

0.0805 

0.1673 

1.0838 

0.7808 

1 .5044 

0.6304 

370 

160 

210 

CD51_c_01m 

0.1594 

0.1585 

1.1728 

0.8596 

1 .5999 

0.3146 

370 

160 

210 

CD51_m 

0.0009 

0.0017 

1 .0009 

0.9976 

1.0041 

0.5970 

370 

160 

210 

CD51  _m_01 

0.1351 

0.1684 

1.1446 

0.8228 

1 .5922 

0.4225 

370 

160 

210 

CD51_m_01m 

0.2230 

0.1620 

1 .2498 

0.9097 

1.7169 

0.1688 

370 

160 

210 
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covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

CXCR2_c 

0.0031 

0.0024 

1.0031 

0.9985 

1.0079 

0.1890 

370 

160 

210 

CXCR2_c_01 

0.4075 

0.2566 

1 .5030 

0.9090 

2.4853 

0.1123 

370 

160 

210 

CXCR2_c_01  m 

0.3306 

0.1596 

1.3917 

1.0180 

1.9028 

@3g 

370 

160 

210 

CXCR2_n 

0.0010 

0.0033 

1.0010 

0.9945 

1 .0074 

0.7723 

367 

158 

209 

CXCR2_n_01 

-0.0782 

0.1602 

0.9248 

0.6756 

1 .2659 

0.6255 

367 

158 

209 

CXCR2_n_01m 

-0.0476 

0.1602 

0.9535 

0.6966 

1.3052 

0.7664 

367 

158 

209 

EpCAM_c 

-0.0022 

0.0026 

0.9978 

0.9926 

1.0029 

0.3942 

368 

159 

209 

EpCAM_c_01 

-0.3790 

0.1602 

0.6845 

0.5001 

0.9370 

MMHi 

368 

159 

209 

EpCAM_c_01m 

-0.3786 

0.1589 

0.6848 

0.5016 

0.9350 

0.0172 

368 

159 

209 

EpCAM_m 

0.0001 

0.0012 

1.0001 

0.9977 

1.0025 

0.9551 

370 

160 

210 

EpCAM_m_01 

0.0339 

0.1933 

1 .0344 

0.7082 

1.5110 

0.8610 

370 

160 

210 

EpCAM_m_01m 

-0.0802 

0.1584 

0.9229 

0.6766 

1.2588 

0.6124 

370 

160 

210 

SPP1_c 

0.0041 

0.0027 

1.0041 

0.9988 

1.0094 

0.1266 

370 

160 

210 

SPP1_c_01 

0.4536 

0.3273 

1.5739 

0.8287 

2.9892 

0.1658 

370 

160 

210 

SPP1_n 

0.0006 

0.0015 

1.0006 

0.9977 

1.0035 

0.6815 

369 

159 

210 

SPP1_n_01 

0.1042 

0.1897 

1.1098 

0.7653 

1.6094 

0.5828 

369 

159 

210 

SPP1_n_01m 

0.0779 

0.1588 

1.0810 

0.7918 

1 .4758 

0.6239 

369 

159 

210 
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Table  28.  Multicovariate  Cox  model  assessing  effect  of  each  marker  independently  on  overall 
survival,  adjusting  for  age,  gender,  histology,  stage  and  neoadjuvant  treatment 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

CASK_c 

-0.0023 

0.0029 

0.9977 

0.9922 

1.0034 

0.4298 

367 

158 

209 

CASK_c_01 

0.0482 

0.1796 

1 .0494 

0.7379 

1 .4922 

0.7886 

367 

158 

209 

CASK_c_01m 

0.0458 

0.1774 

1 .0469 

0.7394 

1 .4822 

0.7961 

367 

158 

209 

CASKjm 

-0.0033 

0.0022 

0.9967 

0.9924 

1.0011 

0.1397 

367 

158 

209 

CASK_m_01 

-0.2213 

0.1696 

0.8015 

0.5748 

1.1177 

0.1921 

367 

158 

209 

CD51_c 

0.0012 

0.0018 

1.0012 

0.9976 

1 .0048 

0.5162 

367 

158 

209 

CD51_c_01 

0.2402 

0.1816 

1.2714 

0.8907 

1.8150 

0.1860 

367 

158 

209 

CD51_c_01m 

0.2333 

0.1700 

1 .2627 

0.9050 

1.7619 

0.1699 

367 

158 

209 

CD51_m 

-0.0001 

0.0016 

0.9999 

0.9967 

1.0031 

0.9595 

367 

158 

209 

CD51_m_01 

0.3009 

0.1853 

1.3511 

0.9397 

1 .9427 

0.1043 

367 

158 

209 

CD51_m_01m 

0.3323 

0.1754 

1.3941 

0.9885 

1.9661 

18)584 

367 

158 

209 

CXCR2_c 

0.0028 

0.0024 

1.0028 

0.9981 

1.0075 

0.2396 

367 

158 

209 

CXCR2_c_01 

0.3365 

0.2614 

1.4001 

0.8389 

2.3368 

0.1979 

367 

158 

209 

CXCR2_c_01m 

0.3424 

0.1621 

1.4083 

1.0250 

1.9351 

mm 

367 

158 

209 

CXCR2_n 

0.0009 

0.0033 

1 .0009 

0.9944 

1.0073 

0.7952 

364 

156 

208 

CXCR2_n_01 

-0.0189 

0.1619 

0.9813 

0.7145 

1 .3479 

0.9073 

364 

156 

208 

CXCR2_n_01m 

0.0127 

0.1621 

1.0127 

0.7372 

1.3914 

0.9377 

364 

156 

208 

EpCAM_c 

-0.0020 

0.0028 

0.9980 

0.9926 

1.0035 

0.4805 

365 

157 

208 

EpCAM_c_01 

-0.4299 

0.1710 

0.6506 

0.4654 

0.9096 

HEEIIH 

365 

157 

208 

EpCAM_c_01m 

-0.4346 

0.1720 

0.6476 

0.4623 

0.9071 

UnLil 

365 

157 

208 

EpCAM_m 

0.0004 

0.0014 

1 .0004 

0.9977 

1.0031 

0.7734 

367 

158 

209 

EpCAM_m_01 

-0.0037 

0.2144 

0.9963 

0.6544 

1.5167 

0.9862 

367 

158 

209 

EpCAM_m_01m 

-0.1142 

0.1728 

0.8921 

0.6358 

1.2517 

0.5088 

367 

158 

209 

SPP1_c 

0.0024 

0.0027 

1 .0024 

0.9971 

1.0078 

0.3697 

367 

158 

209 

SPP1_c_01 

0.3789 

0.3380 

1.4607 

0.7532 

2.8330 

0.2622 

367 

158 

209 

SPP1_n 

-0.0005 

0.0015 

0.9995 

0.9965 

1.0025 

0.7297 

366 

157 

209 

SPP1_n_01 

0.0204 

0.1921 

1.0206 

0.7003 

1 .4873 

0.9154 

366 

157 

209 

SPP1_n_01m 

-0.0180 

0.1639 

0.9822 

0.7123 

1 .3543 

0.9126 

366 

157 

209 
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Final  multicovariate  Cox  Model  assessing  the  following  covariates  on  overall  survival 


Analysis  of  Maximum  Likelihood  Estimates 

Variable 

Parameter 

Estimate 

Standard 

Error 

p-value 

Hazard 

Ratio 

95%  Hazard 

Ratio 

Confidence 

Limits 

Age 

0.0283 

0.0087 

0.0012 

1.029 

1.011 

1.046 

Gender  M  vs  F 

0.2622 

0.1628 

0.1073 

1.300 

0.945 

1.788 

Stage  II  vs  1 

0.4139 

0.2051 

0.0436 

1.513 

1.012 

2.261 

III  vs  1 

0.8970 

0.2148 

<.0001 

2.452 

1.610 

3.736 

Neoadjuvant  (Yes  vs  No) 

0.4550 

0.2101 

0.0303 

1.576 

1.044 

2.379 

CXCR2_c_01  m  (>=23.3  vs  <  23.3) 

0.4406 

0.1651 

0.0076 

1.554 

1.124 

2.147 

EpCAM_c_01  (Pos  vs  0) 

-0.4981 

0.1673 

0.0029 

0.608 

0.438 

0.844 

3.3  Recurrence  free  survival 

Table  29.  Univariate  Cox  model  assessing  effect  of  covariates  on  recurrence  free  survival 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

CASK_c 

0.0016 

0.0021 

1.0016 

0.9975 

1.0057 

0.4419 

370 

209 

161 

CASK_c_01 

0.1378 

0.1415 

1.1477 

0.8698 

1.5145 

0.3301 

370 

209 

161 

CASK_c_01m 

0.1384 

0.1390 

1.1485 

0.8745 

1.5082 

0.3194 

370 

209 

161 

CASK_m 

-0.0018 

0.0018 

0.9982 

0.9948 

1.0017 

0.3082 

370 

209 

161 

CASK_m_01 

-0.0642 

0.1402 

0.9378 

0.7124 

1 .2344 

0.6468 

370 

209 

161 

CD51_c 

-0.0003 

0.0016 

0.9997 

0.9965 

1.0028 

0.8341 

370 

209 

161 

CD51_c_01 

0.0360 

0.1447 

1.0366 

0.7807 

1.3765 

0.8038 

370 

209 

161 

CD51_c_01m 

0.0986 

0.1384 

1.1037 

0.8414 

1 .4477 

0.4762 

370 

209 

161 

CD51_m 

0.0022 

0.0014 

1.0022 

0.9994 

1 .0050 

0.1312 

370 

209 

161 

CD51_m_01 

0.1429 

0.1469 

1.1536 

0.8649 

1.5386 

0.3308 

370 

209 

161 

CD51_m_01m 

0.2296 

0.1415 

1.2581 

0.9533 

1.6603 

0.1048 

370 

209 

161 

CXCR2_c 

0.0017 

0.0022 

1.0017 

0.9974 

1.0061 

0.4354 

370 

209 

161 

CXCR2_c_01 

0.2031 

0.2096 

1 .2252 

0.8124 

1 .8478 

0.3327 

370 

209 

161 

CXCR2_c_01  m 

0.1833 

0.1390 

1.2011 

0.9148 

1.5771 

0.1872 

370 

209 

161 

CXCR2  n 

0.0004 

0.0029 

1 .0004 

0.9947 

1.0061 

0.8987 

367 

207 

160 
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covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

CXCR2_n_01 

-0.0940 

0.1400 

0.9103 

0.6918 

1.1978 

0.5020 

367 

207 

160 

CXCR2_n_01m 

-0.0853 

0.1399 

0.9183 

0.6980 

1.2080 

0.5422 

367 

207 

160 

EpCAM_c 

-0.0009 

0.0022 

0.9991 

0.9947 

1.0035 

0.6857 

368 

208 

160 

EpCAM_c_01 

-0.2921 

0.1409 

0.7467 

0.5665 

0.9842 

E)3| 

368 

208 

160 

EpCAM_c_01m 

-0.2572 

0.1393 

0.7732 

0.5885 

1.0160 

|jD64Sj 

368 

208 

160 

EpCAM_m 

-0.0007 

0.0011 

0.9993 

0.9972 

1.0014 

0.5094 

370 

209 

161 

EpCAM_m_01 

-0.0447 

0.1657 

0.9563 

0.6911 

1.3232 

0.7873 

370 

209 

161 

EpCAM_m_01m 

-0.1261 

0.1385 

0.8815 

0.6719 

1.1565 

0.3625 

370 

209 

161 

SPP1_c 

0.0026 

0.0025 

1 .0026 

0.9977 

1.0075 

0.3010 

370 

209 

161 

SPP1_c_01 

0.2451 

0.2978 

1.2777 

0.7127 

2.2906 

0.4106 

370 

209 

161 

SPP1_n 

0.0014 

0.0013 

1.0014 

0.9989 

1 .0040 

0.2680 

369 

208 

161 

SPP1_n_01 

0.1060 

0.1673 

1.1119 

0.8009 

1 .5435 

0.5263 

369 

208 

161 

SPP1_n_01m 

0.1294 

0.1390 

1.1381 

0.8667 

1 .4946 

0.3520 

369 

208 

161 

Figure  8.  Martingale  residual  from  Cox  model  with  age,  gender,  histology  and  stage  for  recurrence 
free  survival  against  each  marker,  Dr.  Koo 
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Table  30.  Multicovariate  Cox  model  assessing  effect  of  each  marker  independently  on  recurrence 
free  survival,  adjusting  for  age,  gender,  histology,  stage  and  neoadjuvant  treatment 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pVaiue 

Total 

Event 

Censored 

CASK_c 

-0.0004 

0.0024 

0.9996 

0.9950 

1 .0042 

0.8583 

367 

207 

160 

CASK_c_01 

0.1208 

0.1573 

1.1284 

0.8291 

1 .5359 

0.4424 

367 

207 

160 

CASK_c_01m 

0.0717 

0.1545 

1 .0743 

0.7936 

1 .4543 

0.6427 

367 

207 

160 

CASK_m 

-0.0033 

0.0019 

0.9967 

0.9930 

1.0005 

I.08H 

367 

207 

160 

CASK_m_01 

-0.1879 

0.1479 

0.8287 

0.6201 

1.1075 

0.2041 

367 

207 

160 

CD51_c 

-0.0008 

0.0016 

0.9992 

0.9961 

1 .0024 

0.6355 

367 

207 

160 

CD51_c_01 

0.1817 

0.1564 

1.1993 

0.8827 

1 .6294 

0.2452 

367 

207 

160 

CD51_c_01m 

0.1740 

0.1479 

1.1900 

0.8906 

1.5901 

0.2395 

367 

207 

160 

CD51_m 

0.0014 

0.0014 

1.0014 

0.9986 

1.0041 

0.3254 

367 

207 

160 

CD51_m_01 

0.3010 

0.1620 

1.3512 

0.9835 

1.8563 

i§6ii 

367 

207 

160 

CD51_m_01m 

0.3275 

0.1527 

1.3875 

1.0285 

1.8717 

0.0320 

367 

207 

160 

CXCR2_c 

0.0017 

0.0023 

1.0017 

0.9973 

1.0062 

0.4442 

367 

207 

160 

CXCR2_c_01 

0.0934 

0.2152 

1.0979 

0.7200 

1.6739 

0.6645 

367 

207 

160 

CXCR2_c_01  m 

0.1735 

0.1427 

1.1894 

0.8993 

1.5731 

0.2240 

367 

207 

160 

CXCR2  n 

0.0002 

0.0029 

1.0002 

0.9944 

1.0060 

0.9528 

364 

205 

159 
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covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

CXCR2_n_01 

-0.0670 

0.1414 

0.9352 

0.7089 

1 .2339 

0.6358 

364 

205 

159 

CXCR2_n_01m 

-0.0622 

0.1414 

0.9397 

0.7123 

1.2398 

0.6600 

364 

205 

159 

EpCAM_c 

-0.0003 

0.0024 

0.9997 

0.9951 

1.0043 

0.8926 

365 

206 

159 

EpCAM_c_01 

-0.2922 

0.1494 

0.7466 

0.5571 

1.0007 

H)50| 

365 

206 

159 

EpCAM_c_01m 

-0.2479 

0.1496 

0.7804 

0.5821 

1 .0462 

0.0974 

365 

206 

159 

EpCAM_m 

-0.0004 

0.0012 

0.9996 

0.9972 

1.0019 

0.7085 

367 

207 

160 

EpCAM_m_01 

-0.0778 

0.1836 

0.9252 

0.6456 

1.3258 

0.6718 

367 

207 

160 

EpCAM_m_01m 

-0.1515 

0.1504 

0.8595 

0.6401 

1.1541 

0.3138 

367 

207 

160 

SPP1_c 

0.0008 

0.0025 

1 .0008 

0.9959 

1.0058 

0.7373 

367 

207 

160 

SPP1_c_01 

0.1544 

0.3080 

1.1670 

0.6381 

2.1342 

0.6161 

367 

207 

160 

SPP1_n 

0.0004 

0.0013 

1 .0004 

0.9978 

1.0030 

0.7576 

366 

206 

160 

SPP1_n_01 

0.0637 

0.1689 

1.0658 

0.7653 

1.4841 

0.7062 

366 

206 

160 

SPP1_n_01m 

0.0293 

0.1431 

1.0297 

0.7779 

1.3631 

0.8378 

366 

206 

160 

Final  multicovariate  Cox  Model  assessing  the  following  covariates  on  recurrence  free  survival 


Analysis  of  Maximum  Likelihood  Estimates 


95%  Hazard 
Ratio 

Parameter  Standard  Hazard  Confidence 


Variable 

Estimate 

Error 

p-value 

Ratio 

Limits 

Age 

0.0227 

0.0074 

0.0022 

1.023 

1.008 

1.038 

Stage  II  vs  1 

0.5978 

0.1789 

0.0008 

1.818 

1.280 

2.581 

III  vs  1 

1.0104 

0.1871 

<.0001 

2.747 

1.903 

3.964 

Neoadjuvant  (Yes  vs  No) 

0.3734 

0.1865 

0.0452 

1.453 

1.008 

2.094 

CXCR2_c_01  m  (>=23.3  vs  <  23.3) 

0.2999 

0.1463 

0.0403 

1.350 

1.013 

1.798 

EpCAM_c_01  (Pos  vs  0) 

-0.3722 

0.1463 

0.0110 

0.689 

0.517 

0.918 

CASK  m 

-0.0036 

0.0018 

0.0525 

0.996 

0.993 

1.000 
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4.  Dr.  Lotan 
4.1  Markers 


Table  31.  Descriptive  summary  of  markers 


covariate 

n 

mean  ±  std,  median  (min,  max) 

FEN1_n 

366 

78.52  ±61.68,  70  (0,  220) 

MCM2_n 

369 

109.31  ±84.41,  100  (0,  270) 

MCM6_n 

370 

76.7  ±  75.25,  58.75  (0,  270) 

SFN_c 

370 

32.18  ±50.29,  6.67  (0,  250) 

SFN_m 

370 

5.03  ±  16.98,  0(0,  130) 

TPX2_c 

370 

50.66  ±50.71, 40  (0,  183.33) 

TPX2_n 

370 

6.52  ±  13.73,  0(0,  106.67) 

UBE2C_c 

366 

26.28  ±24.71, 20  (0,  130) 

UBE2C_n 

366 

25.15  ±22.18,  20  (0,  90) 

Figure  9.  Distribution  of  markers,  Dr.  Lotan  (Red  line  -  Mean,  Green  line  -  Median) 
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Table  32.  Correlation  between  markers 


Spearman  Correlation  Coefficients 
Prob  >  \r\  under  HO:  Rho=0 
Number  of  Observations 

FEN1_n  MCM2_n  MCM6_n  SFN_c  SFN_m  TPX2_c  TPX2_n  UBE2C_c  UBE2C_n 


FEN1_n  1 

<.0001 
366 

MCM2_n  0.66287 
<.0001 

365 

MCM6_n  0.71338 
<.0001 

366 

SFN_c  0.30733 
<.0001 
366 

SFN_m  0.14547 
0.0053 
366 

TPX2_c  -0.27785 
<.0001 
366 

TPX2_n  0.56895 
<.0001 
366 

UBE2C_c  0.64496 
<.0001 
362 

UBE2C_n  0.70561 
<.0001 
362 


0.66287 

0.71338 

<.0001 

<.0001 

365 

366 

1 

0.89878 

<.0001 

<.0001 

369 

369 

0.89878 

1 

<.0001 

<.0001 

369 

370 

0.32588 

0.31998 

<.0001 

<.0001 

369 

370 

0.25425 

0.23157 

<.0001 

<.0001 

369 

370 

-0.41012 

-0.40727 

<.0001 

<.0001 

369 

370 

0.58737 

0.59637 

<.0001 

<.0001 

369 

370 

0.65079 

0.70428 

<.0001 

<.0001 

366 

366 

0.65122 

0.71228 

<.0001 

<.0001 

366 

366 

0.30733 

0.14547 

<.0001 

0.0053 

366 

366 

0.32588 

0.25425 

<.0001 

<.0001 

369 

369 

0.31998 

0.23157 

<.0001 

<.0001 

370 

370 

1 

0.41136 

<.0001 

<.0001 

370 

370 

0.41136 

1 

<.0001 

<.0001 

370 

370 

-0.30627 

-0.21483 

<.0001 

<.0001 

370 

370 

0.36697 

0.20614 

<.0001 

<.0001 

370 

370 

0.30834 

0.18474 

<.0001 

0.0004 

366 

366 

0.32839 

0.17561 

<.0001 

0.0007 

366 

366 

-0.27785 

0.56895 

<.0001 

<.0001 

366 

366 

-0.41012 

0.58737 

<.0001 

<.0001 

369 

369 

-0.40727 

0.59637 

<.0001 

<.0001 

370 

370 

-0.30627 

0.36697 

<.0001 

<.0001 

370 

370 

-0.21483 

0.20614 

<.0001 

<.0001 

370 

370 

1 

-0.56411 

<.0001 

<.0001 

370 

370 

-0.56411 

1 

<.0001 

<.0001 

370 

370 

-0.24807 

0.50280 

<.0001 

<.0001 

366 

366 

-0.27633 

0.54006 

<.0001 

<.0001 

366 

366 

0.64496 

0.70561 

<.0001 

<.0001 

362 

362 

0.65079 

0.65122 

<.0001 

<.0001 

366 

366 

0.70428 

0.71228 

<.0001 

<.0001 

366 

366 

0.30834 

0.32839 

<.0001 

<.0001 

366 

366 

0.18474 

0.17561 

0.0004 

0.0007 

366 

366 

-0.24807 

-0.27633 

<.0001 

<.0001 

366 

366 

0.50280 

0.54006 

<.0001 

<.0001 

366 

366 

1 

0.88618 

<.0001 

<.0001 

366 

366 

0.88618 

1 

<.0001 

<.0001 

366 

366 

68 


Table  33.  Frequency  table  for  dichotomized  markers 


covariate 

levels 

N  (%) 

covariate 

levels 

N  (%) 

FEN1_n_01 

missing 

4 

FEN1_n_01m 

missing 

4 

0 

30(8.2%) 

0 

178(48.6%) 

1 

336(91.8%) 

1 

188(51.4%) 

MCM2_n_01 

missing 

1 

MCM2_n_01m 

missing 

1 

0 

27(7.3%) 

0 

181(49.1%) 

1 

342(92.7%) 

1 

188(50.9%) 

MCM6_n_01 

0 

60(16.2%) 

MCM6_n_01m 

0 

185(50%) 

1 

310(83.8%) 

1 

185(50%) 

SFN_c_01 

0 

162(43.8%) 

SFN_c_01m 

0 

176(47.6%) 

1 

208(56.2%) 

1 

194(52.4%) 

SFN_m_01 

0 

308(83.2%) 

TPX2_c_01  m 

0 

184(49.7%) 

1 

62(16.8%) 

1 

186(50.3%) 

TPX2_c_01 

0 

108(29.2%) 

UBE2C_c_01m 

missing 

4 

1 

262(70.8%) 

0 

169(46.2%) 

TPX2_n_01 

0 

238(64.3%) 

1 

197(53.8%) 

1 

132(35.7%) 

UBE2C_n_01m 

missing 

4 

UBE2C_c_01 

missing 

4 

0 

172(47%) 

0 

59(16.1%) 

1 

194(53%) 

1 

307(83.9%) 

UBE2C_n_01 

missing 

4 

0 

68(18.6%) 

1 

298(81.4%) 

Table  34.  Markers  by  gender 


covariate  Gender  n  mean  ±  std,  median  (min,  max) 


FEN1_n  F  181 

M  185 

MCM2_n  F  184 

M  185 

MCM6  n  F  184 


72.4  ±  60.86,  60  (0,  206.67) 
84.51  ±  62.05,  77.5  (0,  220) 
95.99  ±  83.46,  78.33  (0,  270) 
122.56  ±83.47,  120  (0,  270) 
68.01  ±74.01,35.83  (0,  270) 


pValue 

.0560 

.0025 

.0132 
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covariate 

Gender 

n 

mean  ±  std,  median  (min,  max) 

pValue 

M 

186 

85.3  ±  75.68,  66.67  (0,  270) 

SFN_c 

F 

184 

33.32  ±  55.9,  3.33  (0,  250) 

.3176 

M 

186 

31.05  ±44.18,  8.75  (0,  193.33) 

SFN_m 

F 

184 

4.35  ±  16.43,  0(0,  130) 

.0677 

M 

186 

5.7  ±  17.54,  0(0,  123.33) 

TPX2_c 

F 

184 

52.42  ±50.83,  40  (0,  183.33) 

.4051 

M 

186 

48.91  ±50.66,  31.67  (0,  160) 

TPX2_n 

F 

184 

5.99  ±  14.38,  0(0,  106.67) 

|3fl 

M 

186 

7.06  ±  13.07,  0(0,  75) 

UBE2C_c 

F 

181 

23.18  ±24,  16.67  (0,  110) 

.0051 

M 

185 

29.32  ±25.07,  23.33  (0,  130) 

UBE2C_n 

F 

181 

22.51  ±21.25,  16.67  (0,  80) 

I2g 

M 

185 

27.74  ±  22.82,  25  (0,  90) 

Table  35.  Markers 

by  race 

covariate 

Race 

n 

mean  ±  std,  median  (min,  max) 

pValue 

FEN1_n 

Black 

21 

86.23  ±70.82,  80  (0,  190) 

BBS 

Hispanic 

14 

66.79  ±56.39,  52.5(1.67,  170) 

Oriental 

5 

7.67  ±7.23,  10(0,  15) 

White 

326 

79.62  ±61.22,  72.5(0,  220) 

MCM2_n 

Black 

21 

141.27  ±91.86,  170  (0,  260) 

.1017 

Hispanic 

14 

73.33  ±66.42,  60  (5,  180) 

Oriental 

5 

61.33  ±61.67,  63.33  (0,  160) 

White 

329 

109.53  ±84.27,  100  (0,  270) 

MCM6_n 

Black 

21 

99.56  ±84.17,  90  (0,  230) 

.1870 

Hispanic 

14 

42.74  ±60.6,  11.67  (0,  183.33) 

Oriental 

5 

33.33  ±39.3,  16.67  (3.33,  100) 

White 

330 

77.34  ±  75.14,  60  (0,  270) 

SFN_c 

Black 

21 

26.87  ±52.68,  6.67  (0,  180) 

.7783 

Hispanic 

14 

43.69  ±81.51, 2.5(0,  240) 

Oriental 

5 

30.67  ±  66.72,  0  (0,  150) 
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covariate 

Race 

n 

mean  ±  std,  median  (min,  max) 

pValue 

White 

330 

32.05  ±  48.42,  6.67  (0,  250) 

SFN_m 

Black 

21 

3.53  ±  7.92,  0  (0,  26.67) 

.7506 

Hispanic 

14 

0.71  ±2.67,0(0,  10) 

Oriental 

5 

20.67  ±46.21, 0(0,  103.33) 

White 

330 

5.07  ±17,  0(0,  130) 

TPX2_c 

Black 

21 

51.11  ±56.91,30  (0,  153.33) 

.2146 

Hispanic 

14 

78.57  ±55.51, 84.17(0,  160) 

Oriental 

5 

35.33  ±60.17,  3.33  (0,  140) 

White 

330 

49.67  ±  49.83,  36.67  (0,  183.33) 

TPX2_n 

Black 

21 

7.62  ±12.7,  0(0,  50) 

.3958 

Hispanic 

14 

4.29  ±  13.42,  0(0,  50) 

Oriental 

5 

2.67  ±  5.96,  0  (0,  13.33) 

White 

330 

6.61  ±  13.92,  0  (0,  106.67) 

UBE2C_c 

Black 

21 

33.65  ±30.33,  20  (0,  110) 

.2798 

Hispanic 

14 

16.43  ±  18.36,  10(0,  70) 

Oriental 

5 

22.67  ±34.19,  10(0,  83.33) 

White 

326 

26.29  ±24.35,  20  (0,  130) 

UBE2C_n 

Black 

21 

29.05  ±  25.67,  20  (0,  80) 

.0917 

Hispanic 

14 

13.69  ±  19.03,  10(0,  70) 

Oriental 

5 

9.67  ±7.85,  10(0,21.67) 

White 

326 

25.63  ±  22.05,  23.33  (0,  90) 

Table  36.  Markers  by  Smoking  Status 

covariate 

smoker 

n 

mean  ±  std,  median  (min,  max) 

pValue 

FENIn 

1  Never 

38 

34.71  ±41.77,  15(0,  165) 

<.0001| 

2  Former 

168 

81.88  ±62.39,  71.67  (0,  220) 

3  Current 

160 

85.4  ±61, 80  (0,210) 

MCM2_n 

1  Never 

38 

39.04  ±54.17,  13.33  (0,  240) 

<.0001 

2  Former 

170 

11 1.72  ±85.56,  98.33  (0,  270) 

3  Current 

161 

123.36  ±  81.22,  126.67  (0,  270) 
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covariate 

smoker 

n 

mean  ±  std,  median  (min,  max) 

pValue 

MCM6_n 

1  Never 

38 

22.5  ±39.43,  5.83  (0,  190) 

<.0001 

2  Former 

170 

78.58  ±  78.6,  55.83  (0,  270) 

3  Current 

162 

87.44  ±  72.96,  73.33  (0,  270) 

SFN_c 

1  Never 

38 

6.54  ±  12.49,  0(0,  53.33) 

lofl 

2  Former 

170 

33.24  ±52.15,  6.67  (0,  240) 

3  Current 

162 

37.08  ±52.21,  10(0,  250) 

SFN_m 

1  Never 

38 

1.32  ±8.1 1,0(0,  50) 

.02H 

2  Former 

170 

4.72  ±  17.44,  0(0,  130) 

3  Current 

162 

6.23  ±  17.94,  0(0,  103.33) 

TPX2_c 

1  Never 

38 

68.05  ±46.74,  60  (0,  180) 

.0200 

2  Former 

170 

50.98  ±51 .38,  38.33  (0,  180) 

3  Current 

162 

46.23  ±50.28,  30  (0,  183.33) 

TPX2_n 

1  Never 

38 

1.23  ±5.17,  0(0,  30) 

.0005 

2  Former 

170 

6.09  ±12.3,  0(0,  80) 

3  Current 

162 

8.23  ±  16.05,  0(0,  106.67) 

UBE2C_c 

1  Never 

38 

10.5  ±  19.71,  3.33  (0,  100) 

<.0001 

2  Former 

169 

26.5  ±23.54,  23.33  (0,  110) 

3  Current 

159 

29.83  ±25.64,  20  (0,  130) 

UBE2C_n 

1  Never 

38 

7.52  ±  12.04,  1.67  (0,  60) 

<.0001 

2  Former 

169 

25.89  ±  22.08,  25  (0,  90) 

3  Current 

159 

28.59  ±  22.3,  25  (0,  85) 

Table  37.  Markers  by  histology 


covariate 

histologyO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

FEN1_n 

ADENO 

226 

57.03  ±  53.67,  40  (0,  206.67) 

<.0001 

Other 

16 

95.1  ±71.14,  78.33  (0,210) 

see 

124 

11 5.56  ±55.99,  130  (0,  220) 

MCM2_n 

ADENO 

226 

71.45  ±73.27,  50  (0,  270) 

<.0001 

Other 

17 

147.84  ±  76.24,  150(10,  270) 

SCO 

126 

172.03  ±61.7,  170  (0,  270) 
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covariate 

histologyO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

MCM6_n 

ADENO 

227 

45.1  ±59.56,  15(0,  256.67) 

<.0001 

Other 

17 

107.55  ±82.29,  90  (0,  270) 

see 

126 

129.46  ±  68.47,  148.33  (0,  270) 

SFN_c 

ADENO 

227 

10.42  ±22.83,  0(0,  173.33) 

<.0001 

Other 

17 

14.51  ±28.11,  3.33  (0,  106.67) 

sec 

126 

73.76  ±61.47,  68.33  (0,  250) 

SFN_m 

ADENO 

227 

0.99  ±6.16,  0(0,  66.67) 

<.0001 

Other 

17 

1.76  ±5.67,  0(0,  23.33) 

sec 

126 

12.74  ±26.23,  0(0,  130) 

TPX2_c 

ADENO 

227 

70.28  ±48.08,  65  (0,  180) 

<.0001 

Other 

17 

68.43  ±60.74,  65  (0,  150) 

sec 

126 

12.9  ±27.53,  0(0,  183.33) 

TPX2_n 

ADENO 

227 

1.66  ±5.65,  0(0,46.67) 

<.0001 

Other 

17 

11.57  ±23.55,  0(0,  75) 

sec 

126 

14.61  ±  17.77,  10  (0,  106.67) 

UBE2C_c 

ADENO 

225 

19.49  ±23.97,  10(0,  130) 

<.0001 

Other 

16 

39.9  ±  22.33,  40  (6.67,  83.33) 

sec 

125 

36.78  ±21.9,  33.33  (0,  110) 

UBE2C_n 

ADENO 

225 

17.33  ±  19.78,  10(0,  90) 

<.0001 

Other 

16 

37.86  ±  19.5,  36.67  (3.33,  63.33) 

sec 

125 

37.61  ±20.18,  36.67  (0,  85) 

Table  38.  Markers  by  stage 


covariate  Path  Stage  n  mean  ±  std,  median  (min,  max)  pValue 


FEN1_n  IA 

102  66.34  ±  59. 1 1 ,  58.33  (0,  200) 

.0208 

IB 

129  75.5  ±63.02,  65(0,  210) 

1  IA 

22  86.97  ±66.3,  85(0,  186.67) 

MB 

52  95.14  ±  58.5,  90  (0,  220) 

IIIA 

61  88.09  ±  60.92,  80  (0,  205) 

MCM2_n  IA 

103  90.29  ±82.81, 70  (0,270) 

.0058 

IB 

131  104.75  ±85.62,  90(0,  270) 
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covariate  Path  Stage  n  mean  ±  std,  median  (min,  max)  pValue 


IIA 

21 

122.46  ±89.83,  120  (0,  240) 

MB 

53 

133.9  ±82.88,  140  (0,  270) 

IIIA 

61 

125.34  ±77.4,  130  (3.33,  260) 

MCM6_n 

IA 

103 

57.38  ±  66,  35  (0,  240) 

.0032 

IB 

131 

75.46  ±  78.54,  43.33  (0,  270) 

IIA 

22 

91.89  ±81.72,  68.33  (0,  240) 

MB 

53 

101.89  ±82.82,  73.33  (0,  270) 

IIIA 

61 

84.6  ±66.49,  70  (0,213.33) 

SFN_c 

IA 

103 

33.37  ±51.43,  10(0,  250) 

.8564 

IB 

131 

30.44  ±48.49,  5(0,  210) 

IIA 

22 

26.29  ±30.98,  16.67  (0,  96.67) 

MB 

53 

42.52  ±  65.63,  6.67  (0,  240) 

IIIA 

61 

27.05  ±41.86,  6.67  (0,  180) 

SFN_m 

IA 

103 

4.56  ±15.7,  0(0,  100) 

.5230 

IB 

131 

4.97  ±15.9,  0(0,  130) 

IIA 

22 

0.76  ±2.51,  0(0,  10) 

MB 

53 

7.83  ±21.96,  0(0,  123.33) 

IIIA 

61 

5.05  ±  19.32,  0  (0,  103.33) 

TPX2_c 

IA 

103 

57.9  ±52.24,  45  (0,  180) 

.1717 

IB 

131 

51.83  ±50.67,  40  (0,  180) 

IIA 

22 

48.64  ±54.18,  25  (0,  150) 

MB 

53 

44.53  ±48.24,  33.33  (0,  160) 

IIIA 

61 

41.97  ±48.59,  16.67  (0,  183.33) 

TPX2_n 

IA 

103 

4.42  ±  10.95,  0(0,  75) 

.0782 

IB 

131 

6.83  ±  16.39,  0(0,  106.67) 

IIA 

22 

9.09  ±  15.47,  0(0,  60) 

MB 

53 

8.08  ±12.21,  0(0,  50) 

IIIA 

61 

7.14  ±12.2,  0(0,  65) 

UBE2C_c 

IA 

102 

19.84  ±20.09,  15(0,  86.67) 

.0026 

IB 

129 

25.67  ±25.82,  16.67  (0,  100) 

IIA 

21 

25.24  ±  19.65,  20  (0,  60) 

MB 

53 

33.74  ±28.13,  30  (0,  130) 

75 


covariate  PathStage  n 

mean  ±  std,  median  (min,  max) 

pValue 

IMA 

61 

32.24 

±25.3,  30  (0,  110) 

UBE2C_n  IA 

102 

20.85 

±20.14,  15.83  (0,  72.5) 

.0190 

IB 

129 

23.71 

±22.46,  15(0,  80) 

1  IA 

21 

27.82 

±  24.03,  25  (0,  85) 

MB 

53 

31.76 

±24.16,  26.67  (0,  90) 

IMA 

61 

28.76 

±21.12,  25  (0,  70) 

covariate 

stage 

1  n 

mean  ±  std,  median  (min,  max) 

pValue 

FEN1_n 

1 

231 

71.45  ±61.36,  60  (0,210) 

w 

II 

74 

92.71  ±  60.58,  90  (0,  220) 

MIA 

61 

88.09  ±  60.92,  80  (0,  205) 

MCM2_n 

1 

234 

98.38  ±  84.52,  80  (0,  270) 

ifioH 

II 

74 

130.65  ±84.45,  135  (0,  270) 

MIA 

61 

125.34  ±77.4,  130  (3.33,  260) 

MCM6_n 

1 

234 

67.5  ±  73.69,  38.33  (0,  270) 

.0021 

II 

75 

98.96  ±  82.07,  73.33  (0,  270) 

MIA 

61 

84.6  ±66.49,  70  (0,213.33) 

SFN_c 

1 

234 

31.73  ±49.72,  6.67  (0,  250) 

.5994 

II 

75 

37.76  ±  57.92,  6.67  (0,  240) 

MIA 

61 

27.05  ±41.86,  6.67  (0,  180) 

SFN_m 

1 

234 

4.79  ±  15.78,  0(0,  130) 

.8210 

II 

75 

5.76  ±  18.74,  0(0,  123.33) 

MIA 

61 

5.05  ±  19.32,  0  (0,  103.33) 

TPX2_c 

1 

234 

54.5  ±51.35,  41.67  (0,  180) 

.0680 

II 

75 

45.73  ±49.72,  33.33  (0,  160) 

MIA 

61 

41.97  ±48.59,  16.67  (0,  183.33) 

TPX2_n 

1 

234 

5.77  ±  14.27,  0  (0,  106.67) 

.0202 

II 

75 

8.38  ±13.15,  0(0,  60) 

MIA 

61 

7.14  ±12.2,  0(0,  65) 

UBE2C_c 

1 

231 

23.1  ±23.6,  16.67  (0,  100) 

Boll 

II 

74 

31.33  ±26.16,  25  (0,  130) 
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covariate  stage 

n 

mean  ±  std,  median  (min,  max) 

pValue 

IMA 

61 

32.24  ±25.3,  30  (0,  110) 

UBE2C_n  1 

231 

22.45  ±21.47,  15(0,  80) 

[Dog 

II 

74 

30.64  ±  24.03,  26.67  (0,  90) 

IMA 

61 

28.76  ±21.12,  25  (0,  70) 

Table  39.  Markers  by  Grade 


covariate 

gradeO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

FEN1_n 

1  Poorly 

122 

101.28  ±63.58,  100  (0,  220) 

<.0001 

2  Moderately 

196 

74.77  ±  56.97,  66.67  (0,  196.67) 

3  Well 

36 

23.19  ±36.48,  6.67  (0,  155) 

MCM2_n 

1  Poorly 

122 

146.05  ±  77.26,  158.33  (0,  270) 

<.0001 

2  Moderately 

198 

101.06  ±82.37,  90  (0,  270) 

3  Well 

36 

24.12  ±40.09,  8.33  (0,  160) 

MCM6_n 

1  Poorly 

122 

104.62  ±74.16,  92.5  (0,  270) 

<.0001 

2  Moderately 

199 

70.86  ±  74.05,  50  (0,  270) 

3  Well 

36 

11.48  ±25.94,  0(0,  126.67) 

SFN_c 

1  Poorly 

122 

28.19  ±47.01, 5.83  (0,  250) 

<.0001 

2  Moderately 

199 

40.83  ±55.23,  10(0,  240) 

3  Well 

36 

7.27  ±  18.96,  0(0,  96.67) 

SFN_m 

1  Poorly 

122 

4.06  ±  13.38,  0(0,  100) 

14® 

2  Moderately 

199 

6.81  ±20.46,0(0,  130) 

3  Well 

36 

0.09  ±  0.56,  0  (0,  3.33) 

TPX2_c 

1  Poorly 

122 

48.33  ±50.81, 34.17(0,  183.33) 

.0517 

2  Moderately 

199 

47.76  ±49.6,  30  (0,  180) 

3  Well 

36 

66.25  ±49.88,  60  (0,  180) 

TPX2_n 

1  Poorly 

122 

10.3  ±  17.33,  0(0,  106.67) 

<.0001 

2  Moderately 

199 

5.13  ±  11.02,  0(0,  80) 

3  Well 

36 

0.83  ±  5,  0  (0,  30) 

UBE2C_c 

1  Poorly 

122 

36.3  ±27.76,  30.83  (0,  130) 

<.0001 

2  Moderately 

196 

23.34  ±21.29,  20  (0,  86.67) 
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covariate  gradeO 

n 

mean  ±  std,  median  (min,  max) 

pValue 

3  Well 

36 

4.21  ±  7.85,  0  (0,  36.67) 

UBE2C_n  1  Poorly 

122 

33.22  ±22.42,  31.67  (0,  90) 

<.0001 

2  Moderately 

196 

23.51  ±21.25,17.5  (0,  85) 

3  Well 

36 

4.12  ±7.35,  0(0,  26.67) 

4.2  Overall  survival 

Table  40.  Univariate  Cox  model  assessing  effect  of  covariates  on  overall  survival 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

FEN1_n 

0.0028 

0.0012 

1 .0028 

1.0003 

1.0052 

0.0258 

366 

158 

208 

FEN1_n_01 

0.2005 

0.3128 

1 .2220 

0.6620 

2.2559 

0.5215 

366 

158 

208 

FEN1_n_01m 

0.5043 

0.1624 

1 .6558 

1 .2043 

2.2766 

HoB 

366 

158 

208 

MCM2_n 

0.0019 

0.0009 

1.0019 

1.0001 

1.0037 

0.0425 

369 

159 

210 

MCM2_n_01 

0.4957 

0.3632 

1.6416 

0.8056 

3.3449 

0.1723 

369 

159 

210 

MCM2_n_01m 

0.1819 

0.1596 

1.1995 

0.8773 

1.6398 

0.2544 

369 

159 

210 

MCM6_n 

0.0018 

0.0010 

1.0018 

0.9999 

1.0038 

0.0694 

370 

160 

210 

MCM6_n_01 

0.6533 

0.2637 

1.9218 

1.1463 

3.2222 

BMI 

370 

160 

210 

MCM6_n_01m 

0.1858 

0.1588 

1 .2042 

0.8822 

1.6438 

0.2418 

370 

160 

210 

SFN_c 

0.0022 

0.0014 

1 .0022 

0.9993 

1.0050 

0.1360 

370 

160 

210 

SFN_c_01 

0.0021 

0.1590 

1.0021 

0.7338 

1.3685 

0.9895 

370 

160 

210 

SFN_c_01m 

0.0609 

0.1584 

1 .0628 

0.7792 

1 .4497 

0.7005 

370 

160 

210 

SFN_m 

0.0017 

0.0041 

1.0017 

0.9936 

1.0099 

0.6806 

370 

160 

210 

SFN_m_01 

-0.0772 

0.2150 

0.9257 

0.6074 

1.4108 

0.7196 

370 

160 

210 

TPX2_c 

-0.0012 

0.0016 

0.9988 

0.9956 

1.0019 

0.4455 

370 

160 

210 

TPX2_c_01 

-0.1738 

0.1710 

0.8405 

0.6012 

1.1750 

0.3093 

370 

160 

210 

TPX2_c_01  m 

-0.1873 

0.1585 

0.8292 

0.6077 

1.1314 

0.2375 

370 

160 

210 

TPX2_n 

0.0082 

0.0050 

1.0082 

0.9983 

1.0182 

0.1035 

370 

160 

210 

TPX2_n_01 

0.2700 

0.1620 

1 .3099 

0.9536 

1.7993 

— 

370 

160 

210 

UBE2C_c 

0.0069 

0.0029 

1 .0069 

1.0012 

1.0127 

BUB 

366 

159 

207 

UBE2C_c_01 

0.5470 

0.2569 

1.7280 

1 .0444 

2.8592 

1.0335 

366 

159 

207 

UBE2C_c_01m 

0.3326 

0.1620 

1.3946 

1.0152 

1.9158 

H)4B 

366 

159 

207 
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covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

UBE2C_n 

0.0065 

0.0035 

1.0065 

0.9997 

1.0134 

0.0621 

366 

159 

207 

UBE2C_n 

_01 

0.5520 

0.2392 

1.7367 

1.0866 

2.7757 

B)2H 

366 

159 

207 

UBE2C_n 

_01m 

0.2177 

0.1604 

1 .2432 

0.9078 

1.7025 

0.1747 

366 

159 

207 

Figure  11.  Martingale  residual  from  Cox  model  with  age,  gender,  histology  and  stage  for  overall 
survival  against  each  marker,  Dr.  Lotan 
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Table  41.  Multicovariate  Cox  model  assessing  effect  of  each  marker  independently  on  overall 
survival ,  adjusting  for  age,  gender,  histology,  stage  and  neoadjuvant  treatment 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

FEN1_n 

0.0018 

0.0014 

1.0018 

0.9990 

1.0046 

0.2090 

363 

156 

207 

FEN1_n_01 

-0.0004 

0.3205 

0.9996 

0.5333 

1.8735 

0.9990 

363 

156 

207 

FEN1_n_01m 

0.3721 

0.1772 

1.4508 

1.0251 

2.0531 

363 

156 

207 

MCM2_n 

0.0015 

0.0012 

1.0015 

0.9992 

1.0038 

0.1963 

366 

157 

209 

MCM2_n_01 

0.3662 

0.3747 

1 .4423 

0.6921 

3.0058 

0.3283 

366 

157 

209 

MCM2_n_01m 

0.0465 

0.2021 

1 .0476 

0.7049 

1.5567 

0.8182 

366 

157 

209 

MCM6_n 

0.0017 

0.0013 

1.0017 

0.9992 

1 .0042 

0.1788 

367 

158 

209 

MCM6_n_01 

0.5623 

0.2759 

1.7546 

1.0218 

3.0131 

|).04H 

367 

158 

209 

MCM6_n_01m 

0.0371 

0.1913 

1.0378 

0.7133 

1.5099 

0.8462 

367 

158 

209 

SFN_c 

0.0028 

0.0018 

1.0028 

0.9992 

1.0064 

0.1302 

367 

158 

209 

SFN  c  01 

0.0090 

0.1855 

1.0090 

0.7015 

1.4515 

0.9613 

367 

158 

209 
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covariate 


Estimate  StdErr  HazardRatio  HRLowerCL  HRUpperCL  pValue  Total  Event  Censored 


SFN_c_01m 

0.0720 

0.1901 

1.0747 

0.7404 

1.5598 

0.7048 

367 

158 

209 

SFN_m 

-0.0001 

0.0044 

0.9999 

0.9912 

1.0086 

0.9746 

367 

158 

209 

SFN_m_01 

-0.2200 

0.2284 

0.8025 

0.5129 

1.2558 

0.3356 

367 

158 

209 

TPX2_c 

-0.0005 

0.0020 

0.9995 

0.9956 

1.0035 

0.8203 

367 

158 

209 

TPX2_c_01 

-0.1445 

0.2249 

0.8654 

0.5570 

1 .3447 

0.5204 

367 

158 

209 

TPX2_c_01  m 

-0.1643 

0.1950 

0.8485 

0.5790 

1 .2434 

0.3993 

367 

158 

209 

TPX2_n 

0.0090 

0.0059 

1.0090 

0.9974 

1.0208 

0.1283 

367 

158 

209 

TPX2_n_01 

0.1707 

0.2001 

1.1862 

0.8014 

1.7557 

0.3935 

367 

158 

209 

UBE2C_c 

0.0053 

0.0033 

1.0053 

0.9989 

1.0118 

0.1040 

363 

157 

206 

UBE2C_c_01 

0.4351 

0.2715 

1 .5452 

0.9075 

2.6310 

0.1090 

363 

157 

206 

UBE2C_c_01m 

0.2086 

0.1824 

1.2319 

0.8615 

1.7615 

0.2530 

363 

157 

206 

UBE2C_n 

0.0050 

0.0039 

1.0050 

0.9973 

1.0128 

0.2024 

363 

157 

206 

UBE2C_n_01 

0.4580 

0.2532 

1.5809 

0.9625 

2.5966 

i07(J 

363 

157 

206 

UBE2C_n_01m 

0.1223 

0.1843 

1.1301 

0.7875 

1.6217 

0.5069 

363 

157 

206 

Final  multicovariate  Cox  Model  assessing  the  following  covariates  on  overall  survival 

Analysis  of  Maximum  Likelihood  Estimates 

Variable 

Parameter 

Estimate 

Standard 

Error 

p-value 

Hazard 

Ratio 

95%  Hazard 

Ratio 

Confidence 

Limits 

Age 

0.0276 

0.0088 

0.0017 

1.028 

1.010 

1.046 

Stage 

II  VS  1 

0.3833 

0.2066 

0.0635 

1.467 

0.979 

2.199 

III  vs  1 

0.7788 

0.2141 

0.0003 

2.179 

1.432 

3.315 

Neoadjuvant  (Yes  vs  No) 

0.3947 

0.2141 

0.0652 

1.484 

0.975 

2.258 

FEN1_n_ 

01m  (>= 

70  vs  <70) 

0.2401 

0.1775 

0.1761 

1.271 

0.898 

1.800 

MCM6_n 

_01  (Pos  vs  0) 

0.4839 

0.2925 

0.0981 

1.622 

0.914 

2.878 
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4.3  Recurrence  free  survival 


Table  42.  Univariate  Cox  model  assessing  effect  of  covariates  on  recurrence  free  survival 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

FEN1_n 

0.0017 

0.0011 

1.0017 

0.9996 

1.0039 

0.1127 

366 

206 

160 

FEN1_n_01 

-0.1908 

0.2472 

0.8263 

0.5090 

1.3413 

0.4402 

366 

206 

160 

FEN1_n_01m 

0.3148 

0.1405 

1.3700 

1 .0402 

1.8043 

0.0251 

366 

206 

160 

MCM2_n 

0.0015 

0.0008 

1.0015 

0.9999 

1.0031 

l§64j 

369 

208 

161 

MCM2_n_01 

0.4504 

0.2978 

1 .5690 

0.8753 

2.8123 

0.1304 

369 

208 

161 

MCM2_n_01m 

0.1715 

0.1393 

1.1871 

0.9034 

1.5599 

0.2183 

369 

208 

161 

MCM6_n 

0.0013 

0.0009 

1.0013 

0.9995 

1.0030 

0.1522 

370 

209 

161 

MCM6_n_01 

0.4432 

0.2097 

1.5577 

1.0327 

2.3497 

BHHH 

370 

209 

161 

MCM6_n_01m 

0.1271 

0.1386 

1.1355 

0.8655 

1 .4899 

0.3590 

370 

209 

161 

SFN_c 

0.0013 

0.0013 

1.0013 

0.9987 

1.0039 

0.3183 

370 

209 

161 

SFN_c_01 

0.0444 

0.1394 

1 .0454 

0.7954 

1.3739 

0.7503 

370 

209 

161 

SFN_c_01m 

0.0646 

0.1386 

1.0667 

0.8129 

1.3997 

0.6414 

370 

209 

161 

SFN_m 

0.0029 

0.0035 

1 .0029 

0.9960 

1.0099 

0.4045 

370 

209 

161 

SFN_m_01 

0.0384 

0.1833 

1.0392 

0.7256 

1.4883 

0.8340 

370 

209 

161 

TPX2_c 

-0.0013 

0.0014 

0.9987 

0.9959 

1.0014 

0.3503 

370 

209 

161 

TPX2_c_01 

-0.1557 

0.1496 

0.8558 

0.6384 

1.1473 

0.2979 

370 

209 

161 

TPX2_c_01  m 

-0.0882 

0.1386 

0.9155 

0.6978 

1.2013 

0.5243 

370 

209 

161 

TPX2_n 

0.0060 

0.0044 

1 .0060 

0.9973 

1.0147 

0.1761 

370 

209 

161 

TPX2_n_01 

0.1739 

0.1432 

1.1899 

0.8988 

1.5754 

0.2245 

370 

209 

161 

UBE2C_c 

0.0059 

0.0027 

1 .0059 

1.0006 

1.0113 

SIS 

366 

208 

158 

UBE2C_c_01 

0.3728 

0.2065 

1.4518 

0.9686 

2.1761 

1.0711 

366 

208 

158 

UBE2C_c_01m 

0.1966 

0.1401 

1.2172 

0.9249 

1.6019 

0.1606 

366 

208 

158 

UBE2C_n 

0.0047 

0.0031 

1 .0047 

0.9987 

1.0108 

0.1242 

366 

208 

158 

UBE2C_n_01 

0.4114 

0.1948 

1.5089 

1.0300 

2.2105 

BIS 

366 

208 

158 

UBE2C_n_01m 

0.1077 

0.1396 

1.1137 

0.8471 

1 .4643 

0.4404 

366 

208 

158 
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Figure  12.  Martingale  residual  from  Cox  model  with  age,  gender,  histology  and  stage  for 
recurrence  free  survival  against  each  marker,  Dr.  Lotan 


Table  43.  Multicovariate  Cox  model  assessing  effect  of  each  marker  independently  on  recurrence 
free  survival,  adjusting  for  age,  gender,  histology,  stage  and  neoadjuvant  treatment 


covariate 

Estimate 

StdErr 

HazardRatio 

HRLowerCL 

HRUpperCL 

pValue 

Total 

Event 

Censored 

FEN1_n 

0.0009 

0.0013 

1 .0009 

0.9984 

1.0034 

0.4787 

363 

204 

159 

FEN1_n_01 

-0.3987 

0.2550 

0.6712 

0.4072 

1.1063 

0.1179 

363 

204 

159 

FEN1_n_01m 

0.1649 

0.1521 

1.1793 

0.8753 

1.5889 

0.2782 

363 

204 

159 

MCM2_n 

0.0010 

0.0010 

1.0010 

0.9990 

1.0030 

0.3229 

366 

206 

160 

MCM2_n_01 

0.3055 

0.3087 

1.3573 

0.7411 

2.4858 

0.3223 

366 

206 

160 

MCM2_n_01m 

0.0470 

0.1753 

1 .0482 

0.7433 

1.4780 

0.7885 

366 

206 

160 

MCM6_n 

0.0008 

0.0011 

1 .0008 

0.9986 

1.0030 

0.4578 

367 

207 

160 

MCM6_n_01 

0.3322 

0.2217 

1.3941 

0.9027 

2.1529 

0.1340 

367 

207 

160 

MCM6_n_01m 

-0.0318 

0.1636 

0.9687 

0.7029 

1.3349 

0.8458 

367 

207 

160 

SFN_c 

0.0014 

0.0016 

1.0014 

0.9983 

1.0045 

0.3689 

367 

207 

160 

SFN_c_01 

0.0425 

0.1609 

1 .0434 

0.7611 

1.4303 

0.7919 

367 

207 

160 

SFN_c_01m 

0.0550 

0.1637 

1 .0566 

0.7666 

1.4563 

0.7368 

367 

207 

160 

SFN_m 

0.0018 

0.0037 

1.0018 

0.9946 

1.0090 

0.6284 

367 

207 

160 

SFN_m_01 

-0.0477 

0.1966 

0.9534 

0.6486 

1.4015 

0.8082 

367 

207 

160 

TPX2_c 

-0.0008 

0.0016 

0.9992 

0.9960 

1 .0024 

0.6164 

367 

207 

160 

TPX2_c_01 

-0.0979 

0.1901 

0.9067 

0.6247 

1.3161 

0.6065 

367 

207 

160 

TPX2_c_01  m 

-0.0733 

0.1634 

0.9293 

0.6746 

1.2801 

0.6536 

367 

207 

160 

TPX2_n 

0.0063 

0.0051 

1.0063 

0.9962 

1.0165 

0.2202 

367 

207 

160 

TPX2_n_01 

0.0646 

0.1728 

1.0667 

0.7602 

1.4968 

0.7086 

367 

207 

160 

UBE2C_c 

0.0041 

0.0031 

1.0041 

0.9981 

1.0101 

0.1826 

363 

206 

157 

UBE2C_c_01 

0.2553 

0.2202 

1.2908 

0.8383 

1.9875 

0.2464 

363 

206 

157 

UBE2C_c_01m 

0.0329 

0.1568 

1.0335 

0.7601 

1.4053 

0.8335 

363 

206 

157 

UBE2C_n 

0.0027 

0.0035 

1.0027 

0.9960 

1.0095 

0.4296 

363 

206 

157 

UBE2C_n_01 

0.3079 

0.2082 

1.3606 

0.9048 

2.0461 

0.1391 

363 

206 

157 

UBE2C_n_01m 

-0.0249 

0.1602 

0.9754 

0.7126 

1.3351 

0.8763 

363 

206 

157 
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5.  ALL  Markers 


Multicovariate  Cox  Model  assessing  the  following  covariates  on  Overall  Survival 


Analysis  of  Maximum  Likelihood  Estimates 
Parameter  Standard 


Variable 

Estimate 

Error 

p-value 

HR 

95%  HR  CL 

Age 

0.028 

0.009 

0.0014 

1.028 

1.011 

1.046 

Stage  II  vs  I 

0.354 

0.207 

0.0873 

1.425 

0.950 

2.140 

III  vs  I 

0.963 

0.210 

<.0001 

2.620 

1.737 

3.951 

pAMPK_c_01  (Pos  vs  0) 

-0.401 

0.169 

0.0176 

0.669 

0.480 

0.932 

pmTOR  c  Ol  (Pos  va  0) 

-0.412 

0.186 

0.0262 

0.662 

0.460 

0.952 

CXCR2_c_01m  (>=23.3  vs  <23.3) 

0.450 

0.166 

0.0069 

1.568 

1.132 

2.173 

EpCAM_c_01  (Pos  va  0) 

-0.434 

0.173 

0.0123 

0.648 

0.461 

0.910 

FEN1  _n_01m  (>=70  vs  <70) 

0.354 

0.168 

0.0354 

1.424 

1.024 

1.980 

Internal  validation  C-index  =  0.32/2  +  0.5  =  0.66 

Calibration 


Calibration  Curve  for  OS 
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Fraction  Surviving 


Multicovariate  Cox  Model  assessing  the  following  co variates  on  Recurrence  Free  Survival 


Analysis  of  Maximum  Likelihood  Estimates 


Variable 

Parameter 

Estimate 

Standard 

Error 

p-value 

HR 

95%  HR  CL 

age 

0.024 

0.007 

0.0014 

1.024 

1.009 

1.039 

Stage  II  vs  I 

0.568 

0.181 

0.0017 

1.765 

1.239 

2.516 

III  vs  I 

0.984 

0.182 

<.0001 

2.676 

1.873 

3.824 

IGF  lR_c 

0.004 

0.002 

0.0404 

1.004 

1.000 

1.008 

Insulin _m_01  (Pos  vs  0) 

0.366 

0.145 

0.0116 

1.442 

1.085 

1.915 

pAMPK_c_01  (Pos  vs  0) 

-0.433 

0.150 

0.0039 

0.648 

0.483 

0.870 

pmTOR_c_01  (Pos  vs  0) 

-0.363 

0.166 

0.0286 

0.696 

0.502 

0.963 

CXCR2_c_01m  (>=23.3  vs  <23.3) 

0.308 

0.149 

0.0383 

1.360 

1.017 

1.820 

EpCAM_c_01  (Pos  vs  0) 

-0.345 

0.153 

0.0242 

0.708 

0.524 

0.956 

CASKjn 

-0.004 

0.002 

0.0488 

0.996 

0.992 

1.000 

Internal  validation  C-index  =  0.33/2  +  0.5  =  0.66 

Calibration 


Calibration  Curve  for  RFS 
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